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Abstract
Through the 21st century, global-mean stratospheric ozone abundances are projected to in-
crease due to decreasing chlorine and bromine concentrations (as a consequence of the Montreal
Protocol), and continued CO2-induced cooling of the stratosphere. Along with CO2, anthro-
pogenic emissions of the greenhouse gases N2O and CH4 are projected to increase, thus increas-
ing their atmospheric concentrations. Consequently, reactive nitrogen species (NOx) produced
from N2O and reactive hydrogen species (HOx) produced from CH4 are expected to play an
increasingly important role in determining stratospheric ozone concentrations. In this thesis
chemistry-climate model (CCM) simulations were performed using the NIWA-SOCOL CCM,
which tracks the contributions to ozone loss from a prescribed set of catalytic cycles, including
the ozone-depleting NOx and HOx cycles, over latitude, longitude, pressure and time.
It was recently shown that, of the ozone-depleting substances currently being emitted, N2O
emissions dominate, and are likely to do so throughout the 21st century. To investigate the
links between N2O and NOx concentrations, and the effects of NOx on stratospheric ozone
in a changing climate, a CCM simulation of the evolution of ozone from 1960 to 2100 was
performed, using the IPCC SRES A1B scenario for greenhouse gases. It was found that the
yield of NOx from N2O is reduced due to stratospheric cooling and a strengthening of the
Brewer-Dobson circulation. After accounting for the reduced NOx yield, additional weakening
of the primary ozone-depleting NOx cycle is attributed to reduced availability of atomic oxygen,
due to a) stratospheric cooling decreasing the atomic oxygen/ozone ratio, and b) enhanced
rates of chlorine-catalysed ozone-loss cycles around the year 2000 and enhanced rates of HOx-
induced ozone depletion through the 21st century. These results suggest that the effects of N2O
on ozone depend on both the radiative and chemical environment of the upper stratosphere;
specifically CO2-induced cooling of the stratosphere and elevated CH4 emissions, which enhance
HOx-induced ozone loss and reduce the availability of atomic oxygen to participate in NOx
ozone-loss cycles.
Because CO2-induced stratospheric cooling reduces the effectiveness of N2O in depleting
stratospheric ozone, it follows that a scenario in which emissions of N2O undergo a larger increase
through the 21st century, while emissions of CO2 undergo a smaller increase than they do in
the SRES A1B scenario, could be damaging to stratospheric ozone. Such a scenario could occur
if biofuels production and consumption became widespread; biofuels are becoming increasingly
popular sources of renewable energy as economic pressures and environmental consequences
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encourage the use of alternatives to fossil fuels. Growing crops destined for use as biofuels
incurs large N2O emissions associated with the use of nitrogen-based fertilizers and, because
biofuels are carbon-neutral, future increases in CO2 would likely be smaller than they are in the
SRES A1B scenario.
The potential effects on the ozone layer of a large-scale shift away from fossil fuel use to
biofuels consumption over the 21st century were examined. Under such a scenario, global-mean
column ozone decreases by 2.6 DU between 2010 and 2100 in contrast to a 0.7 DU decrease
under a SRES B1 control simulation and a 9.1 DU increase under the SRES A1B scenario.
Two factors cause the decrease in ozone in the biofuels simulation: 1) large N2O emissions
lead to faster rates of the ozone-depleting NOx cycles and; 2) reduced CO2 emissions (due to
reduced fossil fuel burning) lead to relatively less stratospheric cooling over the 21st century,
which decreases ozone abundances. Reducing CO2 emissions while neglecting to reduce N2O
emissions could therefore be damaging to the ozone layer.
To assess the sensitivity of stratospheric ozone to different emissions scenarios for N2O and
CH4, eight CCM simulations were performed for the period 2015-2100. In all of these simulations
the SRES A1B emissions scenario for greenhouse gases was used. For four simulations the
SRES A1B scenario for N2O was replaced by one of the four Representative Concentration
Pathway emissions scenarios for N2O, while for the other four, the SRES A1B scenario for CH4
was replaced by one of the four Representative Concentration Pathway emissions scenarios for
CH4. Increases in NOx-mediated ozone loss resulting from increasing N2O concentrations lead
to a decrease in global-mean total column ozone. Increasing CH4 concentrations increase the
rate of HOx-mediated ozone loss in the upper stratosphere. Overall however, increasing CH4
concentrations lead to an increase in global-mean total column ozone. Stratospheric column
ozone over the 21st century exhibits a near-linear response to changes in N2O and CH4 surface
concentrations, which permits a simple parameterisation for the ozone response to changes in
the concentrations of these gases.
The results presented in this thesis provide a comprehensive picture of how stratospheric
ozone may evolve through the 21st century under a range of greenhouse gas emissions scenarios,
and quantitatively extend concepts that had previously been understood only qualitatively.
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Chapter 1
Introduction
Over the last century, human activities have led to vast changes in atmospheric composition.
It was initially assumed that atmospheric dilution would prevent pollutants released into the
atmosphere from incurring harmful consequences. However phenomena such as photochemical
smog and acid rain later proved that anthropogenic interference with the atmosphere can be
to the detriment of the biosphere. Furthermore, the harmful effects of atmospheric pollutants
are not always felt close to their source. Nowhere is this more evident as in the case of the
Antarctic ozone hole, which is caused by chemicals that were emitted predominantly in the
Northern Hemisphere.
Atmospheric modelling is necessary to gain an understanding of how anthropogenic activities
have changed and will change the Earth’s atmosphere. How will emissions of anthropogenic
greenhouse gases, which are impacting all areas of the Earth system, affect stratospheric ozone?
This was addressed a decade ago by Randeniya et al. [2002], who found that nitrous oxide (N2O)
and methane (CH4 ) would lead to decreases in stratospheric ozone through the 21
st century.
The importance of including the effects of greenhouse gas-induced temperature changes on ozone
in such calculations was later pointed out by Chipperfield and Feng [2003]. More recently,
Ravishankara et al. [2009] emphasised the important role that N2O plays in stratospheric ozone
depletion by assigning it an ozone-depletion potential. This thesis aims to rigorously evaluate the
impacts of N2O and CH4 on stratospheric ozone through the use of a state-of-the-art chemistry-
climate model.
This chapter introduces fundamental concepts relating to the stratosphere, and of particular
relevance to the subject of this thesis. Section 1.1 introduces the structure of the atmosphere,
stratospheric chemistry and stratospheric circulation. The ozone layer, a well known and ex-
tremely important feature of the stratosphere, is discussed in Section 1.2. Here, processes leading
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to the formation of the Antarctic ozone hole are discussed, as well as the Montreal Protocol for
Substances that Deplete the Ozone Layer, and the outlook for 21st century ozone. N2O and
CH4 are likely to play an important role in determining future ozone concentrations, which is the
main focus of this thesis, and so their roles as greenhouse gases and ozone-depleting substances
are outlined in Section 1.3. Section 1.4 provides an outline for the rest of this thesis.
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1.1 The stratosphere
The stratosphere is the region of the atmosphere between approximately 10 and 50 km
above Earth’s surface (corresponding to a pressure range of approximately 100-1 hPa). Its
existence has been known since the early 20th century, when instrumented balloon experiments
performed independently by Teisserenc de Bort and Richard Assmann showed that temperature
increases with altitude above ∼10 km [Labitzke and van Loon, 1999]. As shown in Figure 1.1,
the stratosphere is separated from the troposphere below by the tropopause, and from the
mesosphere above by the stratopause. Additionally, the stratosphere contains ∼90% of the
ozone in the atmosphere (red trace in Figure 1.1), as discussed further in Section 1.2.
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Figure 1.1: Global-mean air temperature and ozone abundance relative to altitude and pressure. Data
taken from Brasseur and Solomon [2005].
In the classification used in Figure 1.1, the regions of the atmosphere are divided according
to temperature (blue trace), and whether it increases or decreases with altitude. The major
energy source for the Earth’s atmosphere is solar radiation, and it is the fate of that radiation,
along with the physical and chemical processes it induces, that determine the temperature profile
shown in Figure 1.1.
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The solar spectrum is usually categorised into five spectral windows: infrared (IR) (700 nm-
1 mm), visible (400-700 nm) and three bands within the ultraviolet (UV) region: UV-A (320-
400 nm), UV-B (280-320 nm) and UV-C (250-280 nm) [Brasseur and Solomon, 2005]. UV-C
radiation is damaging to life in the biosphere, but is absorbed by N2 and O2, the dominant
gases in Earth’s atmosphere. UV-B radiation is strongly absorbed by ozone in the stratosphere.
However, anthropogenic depletion of the ozone layer through the 20th century is correlated with
increased UV-B flux to the biosphere over that same period, contributing to increased rates of
skin cancer, eye diseases and DNA damage. Radiation in the UV-A and visible ranges is partially
absorbed by trace constituents, reflected or scattered. Much of it reaches Earth’s surface where
it is essential to much of life in the biosphere. IR radiation is emitted and absorbed by Earth’s
surface and greenhouse gases (GHGs) in the atmosphere [Brasseur and Solomon, 2005].
Absorption of solar radiation by Earth’s surface heats the lower layers of the troposphere,
meaning that temperature decreases with altitude in the troposphere. In addition, rising parcels
of air expand and cool at lower pressures. In the stratosphere, temperature increases with
increasing altitude due to the absorption of UV-B radiation by ozone. In the mesosphere,
temperature again decreases with altitude, due to decreased solar heating and cooling caused
by emission of IR radiation from GHGs in the stratosphere. Lastly, temperature increases with
altitude in the thermosphere due to absorption of solar radiation by N2 and O2 [Dessler, 2000;
Jacobson, 2005].
Increased concentrations of GHGs are associated with a net trapping of heat in the tropo-
sphere. This is known as the greenhouse effect, and without it the Earth would be too cold to
support the life forms that currently inhabit it. Increases in GHG concentrations have caused
the Earth’s average surface temperature to increase by 0.51 ◦C since mid-20th century
(http://www.nasa.gov/topics/earth/features/2011-temps.html).
Although the troposphere is warming, the stratosphere is cooling. This is because GHGs in
the stratosphere emit heat to space, and this cooling effect exceeds the absorption of IR radiation
in the stratosphere. Additionally, absorption of IR radiation in the stratosphere is decreasing
because increasing amounts of GHGs in the troposphere trap IR radiation lower down in the
atmosphere. The net effect is cooling [Manabe and Wetherald, 1975].
The effects of GHGs on the climate system can be compared and quantified by a number of
metrics. Below are some definitions of parameters referred to throughout this thesis.
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• Radiative forcing is defined by Forster et al. [2007] as: “The change in net (down mi-
nus up) irradiance (solar plus longwave; in W m−2) at the tropopause after allowing for
stratospheric temperatures to readjust to radiative equilibrium, but with surface and tro-
pospheric temperatures and state held fixed at the unperturbed values.” This essentially
means that when the Earth system is at equilibrium, the energy going in and out through
the tropopause is balanced. When GHG abundances increase, less energy leaves the tro-
posphere, due to the greenhouse effect. The additional heating caused to the troposphere
while the Earth system adjusts to its new equilibrium is the radiative forcing. Radiative
forcing provides a simple metric for ranking and quantifying the effects of long-lived GHGs
on climate.
• A GHG’s global-warming potential (GWP) is based on its global-mean radiative
forcing resulting from a 1 kg pulse emission, relative to the radiative forcing resulting from
a 1 kg pulse emission of CO2, and integrated over some time horizon (often 100 years)
[Forster et al., 2007].
• Lifetimes refer to the time taken to reduce the abundance of a chemical species in the
atmosphere to 1
e
of its original value [Brasseur and Solomon, 2005].
1.1.1 Atmospheric chemistry
The atmosphere is in a constant state of flux. Changes in temperature, solar zenith angle
and the concentrations of chemical species, amongst other factors, all affect the rate at which
chemical reactions occur. It is important to be able to calculate these changing reaction rates so
that chemical processes can be modelled accurately. Classes of reactions that commonly occur in
the stratosphere are described below. Further details are given in Atkins [1998]; Dessler [2000],
and Brasseur and Solomon [2005]. Reactions of particular importance to this thesis are listed
in Appendix A.
Photolysis reactions occur when a molecule is split by the absorption of light. For example:
O2 + hν −→ O+O (1.1)
The rate of Reaction 1.1 is calculated according to:
Rate = J[O2] (1.2)
where [O2] is the oxygen concentration, and J the photolysis frequency (in units of s
−1). J, in
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turn, is calculated using the solar actinic flux (number of photons available (photons cm−2 s−1 nm−1)),
the absorption cross-section (the effective probability of the O2 molecule absorbing a photon in
units of cm2), and the quantum yield for photodissociation (the dimensionless probability of
photon absorption leading to decomposition of the O2 molecule) [Brasseur and Solomon, 2005].
Bimolecular reactions involve the collision of two species, for example:
NO +O3 −→ NO2 +O2 (1.3)
The rate for this reaction is calculated as:
Rate = k[NO][O3] (1.4)
where k is the rate constant, which is generally temperature dependent, according to the Ar-
rhenius equation:
k = Ae−Ea/RT (1.5)
The pre-exponential factor A (cm3 molecule−1 s−1) represents the total frequency of collisions
in which the reactants are in the correct molecular configuration for a reaction to occur. The
exponential part, e−Ea/RT , represents the proportion of such collisions that results in a suc-
cessful reaction (forms the specified products); E a (J mol
−1) is the activation energy for the
reaction (normally taken to represent the minimum kinetic energy that the reactants must have
in order to react); R denotes the universal gas constant (8.314 J mol−1 K−1), and T the absolute
temperature (K).
Three-body reactions occur when two species collide with a third body to form a product,
for example:
O + O2 +M −→ O3 +M (1.6)
In the terrestrial atmosphere, the third body, denoted M, is usually N2 or O2 (since they are the
most common molecules) and remains chemically unaltered by the reaction. Its role is essentially
to carry away any excess energy to allow the product to relax to a stable, bound state. Since the
concentration of M changes with pressure, the rate constant for three-body reactions depends
on both temperature and pressure.
Complex reactions involve more than one elementary step. The Arrenhius equation usu-
ally applies for two- and three-body reactions, and for elementary, single-step reactions, E a is
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generally greater than zero. Consequently, the vast majority of reactions speed up with in-
creasing temperature. For most complex (multi-step) reactions, the Arrenhius equation still
generally applies. But E a is now an effective parameter; and furthermore, it is not restricted to
a value greater than zero. In fact for several reactions important to the work in this thesis (for
example, Reaction 3.4), E a is less than zero, which means, counter-intuitively, that the reactions
accelerate at lower temperatures. Because the stratosphere is projected to continue cooling in
future (associated with increasing GHG concentrations), this is an important consideration for
21st century stratospheric chemistry.
Heterogeneous reactions occur on the surfaces of liquid or solid particles, such as sulfate
aerosols and polar stratospheric clouds (PSCs). PSCs are condensed phases of H2O, HNO3
and/or H2SO4. For example, the complex Reaction 1.7 (below) begins with the adsorption of
H2O onto a PSC particle. ClONO2 collides with the particle, to produce HOCl and HNO3. HOCl
is then photolysed to form OH and Cl radicals (Reaction 1.8), thus forming an efficient pathway
for conversion of the reservoir species ClONO2 into active chlorine (capable of participating in
ozone-depleting catalytic cycles).
ClONO2 +H2O −→ HOCl + HNO3 (1.7)
HOCl + hν −→ OH+ Cl (1.8)
Reaction 1.7 is much faster as a heterogeneous reaction than the corresponding bimolecular gas-
phase reaction [Brasseur and Solomon, 2005]. Its rate depends on the thermal velocity of the
ClONO2 molecules, the PSC particle surface-area density, and the reactive uptake coefficient
(proportion of collisions between ClONO2 and the PSC particle that lead to the indicated
products).
1.1.2 Stratospheric circulation
A parcel of air can move in three dimensions: vertical, zonal (east-west directions) and
meridional (north-south). Stratospheric zonal circulation is caused by meridional temperature
gradients and is strong, meaning that air is well mixed in the zonal direction [Holton, 2004].
Vertical circulation is weaker than the zonal or meridional circulations in terms of mass
flux, and, along with the meridional circulation, is generated by stratospheric wave forcing and
diabetic heating and cooling [Dessler, 2000].
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The overall meridional circulation is called the Brewer-Dobson circulation, proposed in-
dependently by Alan Brewer and Gordon Dobson in 1949 and 1956, respectively [Brasseur and
Solomon, 2005]. In the Brewer-Dobson circulation, deep convection causes air from the tropi-
cal troposphere to ascend into the stratosphere, where it is transported towards the poles, and
descends in middle and polar latitudes [Forster et al., 2011]. By this mechanism, chlorine com-
pounds historically produced from chlorofluorocarbons (CFCs), predominantly emitted in the
Northern Hemisphere, were transported to the Antarctic stratosphere, leading to the develop-
ment of the Antarctic ozone hole (Section 1.2.2) [Farman et al., 1985; McElroy et al., 1986;
Solomon et al., 1986]. Chemistry-climate model simulations of the future evolution of the atmo-
sphere project that the Brewer-Dobson circulation is to strengthen throughout the 21st century
[Butchart et al., 2010]. This is due to stronger extra-tropical planetary waves originating from
the troposphere, caused in turn by increasing sea-surface temperatures (SSTs) as a result of cli-
mate change [Butchart and Scaife, 2001; Fomichev et al., 2007]. The result is enhanced transport
of gases to polar regions, but also shorter stratospheric residence times of chemical constituents,
affecting the lifetimes of long-lived GHGs [Cook and Roscoe, 2012].
1.2 The ozone layer
Approximately 99% of the molecules in the stratosphere are either N2 or O2. The rest
are a mixture of trace gases, one of which is ozone (O3). Around 90% of atmospheric ozone
lies between 100 and 1 hPa (approximately 10-50 km), leading to the term “the ozone layer”
(Figure 1.1). Ozone has a very large absorption cross-section for UV photons and absorbs solar
UV radiation that is harmful to terrestrial organisms. As seen in Figure 1.1, some ozone also
exists in the troposphere as the result of reactions between hydrocarbon and nitrogen oxide
gases, produced (for example) as a result of fossil fuel combustion. Tropospheric ozone is an air
pollutant and contributes towards respiratory problems in humans [West et al., 2007].
1.2.1 Chapman chemistry
A series of mechanisms to explain the production and destruction of atmospheric ozone was
first proposed by Chapman [1930], and is now known as the Chapman cycle. The cycle begins
with O2 photolysis to produce two oxygen atoms:
O2 + hν −→ O+O (1.9)
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Atomic oxygen undergoes a three-body reaction with O2 in what is the dominant ozone produc-
tion process in the stratosphere:
O + O2 +M −→ O3 +M (1.10)
The resulting ozone can be photolysed, producing atomic oxygen either in its ground state
(O(3P), also referred to hereafter as O) or in a metastable excited state (O(1D)), depending on
the wavelength of the incident photon:
O3 + hν −→ O2 +O(
3P) λ & 320 nm (1.11)
O3 + hν −→ O2 +O(
1D) λ . 320 nm (1.12)
Despite being short-lived, O(1D) is highly reactive and is present in sufficient concentration to
play a crucial role in upper-stratospheric chemistry. It is deactivated to ground state atomic
oxygen via molecular collisions:
O(1D) +M −→ O+M (1.13)
Finally, atomic oxygen and ozone can react to produce O2:
O + O3 −→ 2O2 (1.14)
Because Chapman chemistry alone cannot quantitatively account for the amount of ozone
present in the stratosphere (e.g., Section 5.2 of Seinfeld and Pandis [2006]), it became apparent
through the 20th century that reactions involving hydrogen-oxide and nitrogen-oxide radicals
are important in determining the ‘natural’ balance of stratospheric ozone [Bates and Nicolet,
1950; Crutzen, 1970]. Such reactions are discussed in Section 1.3. Towards the end of the 20th
century, it also became increasingly clear that the ozone layer was under threat from anthro-
pogenic emissions of halogen-containing hydrocarbons (halocarbons), which lead to chlorine-
and bromine-catalysed ozone depletion, and severe polar ozone loss.
1.2.2 Antarctic ozone loss
By the 1970s, halocarbons were in widespread industrial use as refrigerants, aerosol propel-
lants, and in many other applications. Common halocarbons are the CFCs, hydrochlorofluoro-
carbons (HCFCs) and halons (brominated haloalkanes). Halocarbon applications took advantage
of the chemicals’ low toxicity and low reactivity. But because of their low reactivity, Molina
and Rowland [1974] theorized that the main sink for the halocarbons must be the stratosphere,
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where they could undergo UV photolysis leading to accelerated ozone destruction.
In 1985, Farman et al. [1985] published total column ozone measurements from Halley Bay
indicating a substantial decrease in October mean Antarctic ozone. Spatial averages of satellite-
based measurements of Antarctic total column ozone in October (Figure 1.2) show the steep
decline in ozone observed through the late 20th century. Year-to-year variability is caused by
temperature fluctuations; the Antarctic stratosphere in 1988 was anomalously warm [Kanzawa
and Kawaguchi, 1990], while in 2002 the Antarctic polar vortex split in two, which led to
surprisingly low ozone depletion [Hoppel et al., 2003]. Figure 1.2 also shows Arctic polar-cap
average total column ozone in March, which is discussed further on in this section.
Figure 1.2: Total ozone satellite measurements averaged over 63-90◦N in March and over 63-90◦S in
October. Horizontal lines represent average ozone for the years before 1983. Different
symbols indicate data from different satellites. 1988 and 2002 were anomalous years, as
explained in the text. Source: [Douglass et al., 2011].
The processes leading to the formation of the ozone hole begin with photolysis of halocarbons
in the stratosphere (where UV light is more intense than in the troposphere). Chlorine or
bromine atoms so released then participate in upper-stratospheric gas-phase ozone-loss cycles,
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for example (X = Cl or Br):
X + O3 −→ XO+O2
XO+O −→ X+O2
O+O3 −→ 2O2
Alternatively, Cl (or Br) atoms may form the reservoir gases HCl (or HBr) and ClONO2 (or
BrONO2) [Stolarski and Cicerone, 1974; Wofsy et al., 1975; Rowland et al., 1976], which are
transported poleward by the Brewer-Dobson circulation. Due to differences in hemispheric cir-
culation patterns, the Antarctic stratosphere gets much colder than the Arctic stratosphere
during winter months. Such cold Antarctic stratospheric temperatures facilitate the formation
of PSCs, containing condensed ice and aerosol particles. Heterogeneous reactions on the sur-
faces of PSCs convert halogen reservoir gases into active chlorine and bromine during winter
[Salawitch et al., 1993]. Over the winter months, active species, particularly involving chlorine,
accumulate within the polar vortex (a circumpolar flow that forms in the Antarctic winter tropo-
sphere/stratosphere), which prevents air from moving into and out of the Antarctic stratosphere.
When sunlight returns to Antarctic latitudes in late winter/early spring, the following pho-
tocatalytic cycles may be initiated (with rate-determining steps shown in bold) [McElroy et al.,
1986; Molina and Molina, 1987]:
Cycle XI:
2ClO +M −→ Cl2O2 +M
Cl2O2 + hν −→ ClO2 +Cl
ClO2 +M −→ Cl + O2 +M
2(Cl + O3 −→ ClO + O2)
2O3 −→ 3O2
Cycle XVb:
BrO+ClO −→ BrCl+O2
BrCl + hν −→ Br + Cl
Br + O3 −→ BrO +O2
Cl + O3 −→ ClO + O2
2O3 −→ 3O2
This sudden activity in late winter/early spring causes the ozone depletion phenomenon com-
monly referred to as the “ozone hole.” As the polar vortex breaks up, the ozone-depleted air
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migrates north and the ozone hole is dissipated.
Inter-hemispheric circulation differences mean that the Arctic winter stratosphere is warmer
and more disturbed than the Antarctic winter stratosphere [Solomon et al., 2007]. This means
that the volume of PSCs in the Arctic stratosphere is less and so Arctic ozone loss is not
usually as severe as it is in the Antarctic. However in 2011, ozone depletion during the Arctic
winter/spring period was comparable with that observed in the Antarctic [Manney et al., 2011].
This was because high-latitude Arctic stratospheric temperatures were unusually cold for a
prolonged period, which led to a greater volume of PSCs, and thereby enhanced chemical ozone
destruction.
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Figure 1.3: Midlatitude projections of EESC showing the effect of the Montreal Protocol, subsequent
amendments, the case where ODSs had never been regulated, and the case where
emissions ceased entirely beginning in 2011. Source: [WMO, 2010].
1.2.3 The Montreal Protocol and 21st century ozone
Owing to widespread concern over the effects of halocarbons on stratospheric ozone, a
protocol was designed to phase-out the production and consumption of ozone-depleting sub-
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stances (ODSs). Called the Montreal Protocol for Substances that Deplete the Ozone Layer,
it was signed on the 16th of September 1987. Amendments to the Protocol were later made
in London (1990), Copenhagen (1992), Beijing (1999) and Montreal (2007). The Protocol has
now been ratified by all 196 United Nations member countries [WMO, 2010]. Figure 1.3 shows
the projected effects of the Montreal Protocol and later amendments on equivalent effective
stratospheric chlorine (EESC) over the period up to 2100. EESC is a measure of the potential
of chlorine and bromine in an air mass to destroy ozone, and takes into account the fact that
bromine is more effective than chlorine on a per-atom basis [Daniel et al., 2011].
As shown in Figure 1.3, the Copenhagen 1992 and subsequent amendments mean that EESC
is now projected to decrease over the 21st century, towards a level approaching that which would
be expected had emissions entirely ceased beginning in 2011. In contrast to these projections,
a chemistry-climate model (CCM) study by Newman et al. [2009] suggested that if ODSs had
not been regulated, and if their production had increased by 3% each year, 67% of global-mean
column ozone (relative to 1980 values) would have been depleted by 2065.
As well as benefitting the ozone layer, and hence life on Earth, the Montreal Protocol has
benefitted the climate, since most ODSs are also GHGs. Indeed, in terms of reducing radiative
forcing, the Montreal Protocol has already contributed more to the amelioration of anthropogenic
climate change than will be achieved by the reduction target of the first commitment period of the
Kyoto Protocol (an international agreement aimed at reducing anthropogenic GHG emissions)
[Velders et al., 2007].
Global-mean stratospheric ozone is projected to increase in the 21st century, for two reasons:
1. Halogen concentrations will continue to decrease due to the Montreal Protocol and its
amendments, as shown by the Montreal 2007 trace in Figure 1.3. Therefore, chlorine- and
bromine-catalysed ozone depletion is projected to slow over the 21st century [Bekki et al.,
2011].
2. The stratosphere is projected to continue cooling with increasing GHG concentrations,
which leads to an increase in ozone abundances [Rosenfield et al., 2002; Jonsson et al.,
2004]. The Chapman cycle reactions 1.10 and 1.14 are highly temperature-dependent; The
rate of Reaction 1.10 increases with decreasing temperature, while Reaction 1.14 slows with
decreasing temperature.
CCM projections of 21st century ozone follow in Section 2.3.5.
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1.3 Greenhouse gases and ozone
CO2, the dominant anthropogenic GHG, does not chemically react with ozone. It affects
ozone indirectly via stratospheric cooling, as described above. In terms of radiative forcing, the
two dominant GHGs after CO2 controlled by the Kyoto Protocol are CH4 and N2O. Radiative
forcings and GWPs for these gases are shown in Table 1.1. Tropospheric ozone and halocarbons
each exert greater radiative forcings than N2O (0.35 W m
−2 and 0.337 W m−2 respectively
[Forster et al., 2007]), but are not controlled under the Kyoto Protocol. N2O and CH4 both
break down in the stratosphere to produce reactive nitrogen- and hydrogen-containing species
that participate in ozone-depleting catalytic cycles. Such processes are described in Sections 1.3.1
and 1.3.2.
Table 1.1: GHG radiative forcings and GWPs [Forster et al., 2007].
Radiative forcing (W m−2) 100-year GWP
CO2 1.66 1
CH4 0.48 25
N2O 0.16 298
1.3.1 Nitrous oxide (N2O)
N2O is long-lived, with an atmospheric lifetime of approximately 114 years in the strato-
sphere [Forster et al., 2007], and has both natural and anthropogenic sources (e.g., Table 2.5
of Seinfeld and Pandis [2006]). Natural sources include tropical soils and the oceans (due to
microbial activity), whereas anthropogenic sources include industrial processes and agriculture
– in particular the use of nitrogen-based fertilizers [Montzka et al., 2011]. The atmosphere’s
N2O concentration has increased from 276 ppb to 322 ppb since pre-industrial times [Montzka
et al., 2011], and is projected to continue increasing through the 21st century. Therefore we can
expect that, in future, N2O will have a greater impact on climate (in terms of radiative forcing),
and on ozone (as will now be discussed).
The major sink for N2O is in the stratosphere, where it is photolysed or oxidised via the
following three reactions [Dessler, 2000]:
N2O+ hν −→ N2 +O (1.15)
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N2O+O(
1D) −→ 2NO (1.16)
N2O+O(
1D) −→ N2 +O2 (1.17)
Most N2O (around 90%) is destroyed by photolysis (Reaction 1.15). Although it is not a major
breakdown path for N2O, Reaction 1.16 is very important to ozone chemistry because it produces
NO. The nitrogen oxides NO and NO2 are collectively referred to as NOx, and Reaction 1.16 is
the major source of stratospheric NOx.
In the stratosphere, NOx radicals catalytically deplete ozone [Crutzen, 1970] via the cycles
shown below:
Cycle I:
NO+O3 −→ NO2 +O2
NO2 +O −→ NO+O2
O3 +O −→ 2O2
Cycle II:
NO+O3 −→ NO2 +O2
NO2 +O3 −→ NO3 +O2
NO3 + hν −→ NO+O2
2O3 −→ 3O2
The destructive effect of NOx on ozone first became a concern in the 1970s, when Boeing
proposed building a fleet of supersonic transport aircraft that would fly in the stratosphere
[Crutzen, 1971; Johnston, 1971; McElroy and McConnell, 1971]. This, and other environmental
concerns, along with political and economic factors, led to the project eventually being cancelled
[Staehelin et al., 2001].
Now that CFC production has been phased out under the Montreal Protocol, N2O emissions
are expected to be the dominant emissions of ODSs through the 21st century (although currently
they deplete less ozone than do the CFCs, owing to the long stratospheric lifetime of CFCs)
[Ravishankara et al., 2009]. The impact of N2O on ozone in the 21
st century is the subject of
Chapter 3.
Finally, concerns over the ozone-depleting impacts of N2O and NOx have been raised in regard
to increased biofuels production and consumption [Crutzen et al., 2008]. Because nitrogen-based
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fertilizers are applied to crops intended for use as biofuels, N2O emissions are projected to
increase as global crop production increases. This topic will be discussed in further detail in
Chapter 4.
1.3.2 Methane (CH4)
Natural sources of CH4 include wetlands, termites and the oceans; anthropogenic sources
include landfills, biomass burning, agriculture and waste disposal [Wuebbles and Hayhoe, 2002].
Since pre-industrial times, atmospheric CH4 has increased from 700 ppb to around 1800 ppb
[Seinfeld and Pandis, 2006; Montzka et al., 2011]. CH4 has a lifetime of 9 years [Montzka et al.,
2011], which is much shorter than N2O’s lifetime.
CH4 oxidation by O(
1D) forms OH [Dessler, 2000]:
CH4 +O(
1D) −→ CH3 +OH (1.18)
OH radicals then undergo other gas-phase reactions, interconverting to H atoms and HO2 rad-
icals. Collectively, H, OH and HO2 are referred to as HOx. HOx radicals participate in ozone-
depleting catalytic cycles, such as Cycle V shown below and Cycles IV-VIII listed in Appendix
A. These cycles are particularly prevalent in the upper stratosphere, where HOx concentrations
are maximized.
Cycle V:
OH+O3 −→ HO2 +O2
HO2 +O −→ OH+O2
O3 +O −→ 2O2
One important difference in CH4’s behaviour in the stratosphere in comparison with N2O’s
is that, as well as depleting ozone, CH4 can lead to increases in ozone via the reduction of
ozone depletion by other pathways. Two mechanisms explain how this occurs [Portmann and
Solomon, 2007; Fleming et al., 2011]:
1. CH4 reacts with Cl to form HCl (Reaction 1.19), thus ‘tying up’ active chlorine as reservoir
chlorine and thereby ameliorating the ozone-depleting activity of Cl.
CH4 +Cl −→ CH3 +HCl (1.19)
2. CH4 produces HOx radicals (as previously discussed), the main loss process for which is
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formation of water vapour via:
OH + HO2 −→ H2O+O2 (1.20)
In turn, water vapour cools the stratosphere, thereby slowing ozone depletion by the gas-
phase ozone-loss cycles (see Section 1.2.3).
CH4 is lost primarily by reaction with OH:
CH4 +OH −→ CH3 +H2O (1.21)
OH reacts with many atmospheric species, such as GHGs and other pollutants, and so plays
an important role in determining GHG lifetimes. Indeed, Manning and Reisinger [2011] showed
that OH has played a larger role in reducing radiative forcing associated with climate change
than the carbon cycle has over the past 50 years. Future increases in temperature and humidity
(as a result of climate change), reduced UV flux to the troposphere (as a result of stratospheric
ozone increases), as well as emissions of NOx, CO, CH4 and other hydrocarbons, will serve to
alter the global distribution and abundance of OH [Denman et al., 2007].
1.4 Thesis structure
Chapter 2 describes photochemical box models, simple climate models and chemistry-climate
models; the numerical models that were used to obtain the results presented in Chapters 3, 4 and
5 (the research chapters). Chapter 3 investigates the effectiveness of N2O as an ODS through the
21st century. Chapter 4 examines the effects that GHG changes resulting from increased biofuels
production and consumption could have on the ozone layer. In Chapter 5, the results from an
investigation into the sensitivity of ozone to CH4 and N2O are presented. Final conclusions and
future outlook are summarised in Chapter 6.
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Chapter 2
Computational methods
Given that it is impossible (and potentially dangerous) to perform controlled experiments on
Earth’s atmosphere as a whole, numerical models of atmospheric processes are necessary to eval-
uate the impact of any anthropogenic interventions. Depending on the applications for which
they were designed, models differ in the processes they represent, spatial and temporal scales,
complexity, and consequently the computing power required to run them. This chapter intro-
duces and describes the models that were used for the studies presented in Chapters 3 to 5: the
AWI photochemical box model, MAGICC6 simple climate model and NIWA-SOCOL chemistry-
climate model. The chapter concludes with descriptions of the halocarbon and greenhouse gas
emissions scenarios used in the modelling work presented in this thesis.
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2.1 Photochemical box models
Photochemical box models simulate chemical processes within a box, assumed to be suffi-
ciently small that all chemical concentrations are homogeneous within it. They are relatively
simple models, requiring little computer memory or computing time for multi-year simulations.
This makes them useful for applications such as analysing measurements of atmospheric species
[Brasseur et al., 2003], or quantifying contributions to ozone loss from different chemical families,
as described in Chapter 3.
Box models encompass a prescribed set of chemical reactions, and calculate changes in con-
centrations for all species involved in that set of reactions. Rate coefficients are included as
input data, and initial conditions are prescribed. Chemical reaction pathways are combined
to form a set of coupled differential equations which are then solved numerically. Because the
lifetimes of individual gases vary by orders of magnitude, not all numerical methods are able
to accurately solve the differential equations unless a very small time step is used; in addition,
the numerical solver must be stable and mass-conserving [Jacobson, 2005]. Dynamical processes
are not explicitly represented in photochemical box models. Box models can be constructed to
assume a fixed position in the atmosphere, where chemical species can enter and exit the box,
or to simulate a parcel of air moving along a trajectory [Jacobson, 2005].
As part of the work undertaken for this thesis, a zero-dimensional photochemical box model
was developed to study ozone destruction chemistry in the upper stratosphere. It was written in
Matlab, and used the multistep implicit-explicit method to solve coupled differential equations
[Jacobson, 2005]. The gas-phase reactions simulated were the same as those in the National
Institute of Water and Atmospheric Research (NIWA)-Solar-Climate Ozone Links (SOCOL)
CCM, and rate constants were taken from Sander et al. [2006, 2009]. Photolysis rates were
calculated using the Tropospheric Ultraviolet and Visible (TUV) model [Madronich and Flocke,
1999]. However, when it came to publishing results, the Alfred Wegener Institute (AWI) box
model was used in preference to the in-house developed model because of its established track
record and international credibility.
The AWI photochemical box model simulates 175 reactions between 48 chemical species in the
stratosphere [Kra¨mer et al., 2003; Wohltmann et al., 2010]. It is based on modules for gas-phase
chemistry [Brasseur et al., 1997], heterogeneous chemistry [Carslaw et al., 1995], and photolysis
(TUV by Madronich and Flocke [1999]). Rate constants were taken from the compilations given
by Sander et al. [2006, 2009]. Differential equations are generated and solved numerically by the
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Kinetic Preprocessor (KPP), a software tool that simulates chemical reaction systems [Damian
et al., 2002].
For the simulations performed for Chapter 3, the AWI box model assumed a fixed position
in the atmosphere. This approach neglects the zonal circulation, which means that the length
of day for the ‘box’ of air is slightly modified. However for the latitude and altitude range of
interest (2◦N and 1 to 5 hPa), this has a negligible effect on the chemistry investigated.
2.2 The MAGICC6 simple climate model
Climate change is frequently studied with atmosphere-ocean general circulation models
(AOGCMs), which are complex three-dimensional models of physical, radiative and dynam-
ical processes in the atmosphere coupled to an ocean model [Brasseur and Solomon, 2005].
However because AOGCMs are computationally expensive, simple climate models (SCMs) were
developed to complement AOGCMs and are better suited for some studies. SCMs are designed
to emulate AOGCMs; processes simulated by AOGCMs are parameterised within SCMs so that
simulations take little time to run. SCMs can also be used to isolate sources of uncertainties in
AOGCMs [Meinshausen et al., 2011a].
The Model for the Assessment of Greenhouse Gas Induced Climate Change v.6 (MAGICC6)
SCM consists of a carbon cycle model and a hemispherically averaged ocean model coupled to
an atmosphere layer. The carbon cycle model is globally averaged, the ocean model in each
hemisphere has 40 layers, and the atmosphere model includes land and ocean boxes in each
hemisphere [Meinshausen et al., 2011a].
MAGICC6 can be calibrated to emulate any of the 10 Coupled Carbon Cycle Climate Model
Intercomparison Project (C4MIP) carbon cycle models and 19 Coupled Model Intercomparison
Project phase 3 (CMIP3) AOGCMs, as described by Meinshausen et al. [2011a, b]. Climate
response parameters in MAGICC6 such as heat exchange coefficients between the land and ocean,
and between the hemispheres; climate sensitivity (the warming resulting from CO2 doubling),
and the land-ocean warming ratio, are adjusted to reproduce AOGCM land and ocean time
series. Parameters such as the atmospheric CO2 concentration, carbon pools and carbon fluxes
are adjusted to calibrate the carbon cycle model component of MAGICC6.
MAGICC6 can be used to generate projections of global-mean temperature and sea level
rise, as was done in the Fourth Assessment Report of the Intergovernmental Panel on Climate
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Change (IPCC) [Randall et al., 2007]. MAGICC6 can also generate projections of GHGs for
prescribed emissions, described in Chapter 4. Here, it is used to calculate GHG emissions
scenarios and to convert emissions to concentrations, which were then used as input to CCM
simulations. In Chapter 5, MAGICC6 is used to produce SST series for a range of emissions
scenarios. For both studies (Chapters 4 and 5), MAGICC6 was calibrated to the European
Centre Hamburg Model v.5 (ECHAM5)/Max Planck Institute Ocean Model (MPIOM) AOGCM
core model parameters, and Lawrence Livermore National Laboratory (LLNL) model carbon
cycle parameters. These models were chosen for calibration as they gave the best representation
of SST and GHG concentration time series that had been used in previous CCM simulations
performed for this thesis.
2.3 Chemistry-climate models
CCMs are general circulation models (GCMs) that have been interactively coupled to a
detailed chemistry scheme. A dynamical core (the GCM) describes the time evolution of winds,
temperature and pressure, based on parameterisations and simulations of key physical processes
such as radiation, convection, transport and chemistry [Morgenstern et al., 2010]. Chemistry and
dynamics are coupled: chemical processes change the chemical composition of the atmosphere,
which affects radiative heating and consequently dynamics. Furthermore, dynamical processes
affect chemistry via temperature and transport. A schematic of the processes simulated by
CCMs is shown in Figure 2.1.
CCMs are computationally very expensive; either high performance computing facilities are
required, or for CCMs that can run on a desktop processor (such as the NIWA-SOCOL CCM,
Section 2.3.1), multi-decadal simulations must run over the course of several months. CCMs are
much more complex models than photochemical box models and SCMs, and are currently the
best available tool for simulating the long-term evolution of the global atmosphere.
2.3.1 The NIWA-SOCOL chemistry-climate model
The NIWA-SOCOL CCM is a modified version of the SOCOL model [Egorova et al., 2005;
Schraner et al., 2008]. A chemical cycle diagnostic has been implemented in NIWA-SOCOL (de-
scribed in Section 2.3.2), allowing the attribution of stratospheric odd-oxygen loss to a prescribed
set of catalytic cycles.
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Figure 2.1: Schematic of a chemistry-climate model. Ovals represent the core of the CCM, boxes
represent external impacts and arrows indicate the direction of the effect. Source:
[Baldwin et al., 2007].
NIWA-SOCOL comprises the Middle Atmosphere European Centre Hamburg Model v.4
(MAECHAM4) GCM [Manzini et al., 1997] and the Model for Evaluating ozone trends (MEZON)
chemistry transport model [Egorova et al., 2003]. MAECHAM4 is configured with a T31 spectral
horizontal resolution (approximately 3.75◦ × 3.75◦ grid spacing) and 39 vertical levels between
Earth’s surface and 0.01 hPa (∼80 km). A hybrid transport scheme [Zubov et al., 1999] is em-
ployed to advect the chemical constituents whilst the chemical solver algorithm uses a Newton-
Raphson iterative method taking into account 41 chemical species, 140 gas-phase reactions, 46
photolysis reactions and 16 heterogeneous reactions. A 15-minute time step is used for dynamical
processes while radiative and chemical calculations are performed every two hours. Photolysis
rates are calculated online, meaning that they are calculated during the simulation, taking into
account pressure, solar zenith angle, overhead column ozone, temperature, cloudiness, albedo
and solar output [Rozanov et al., 1999; Eyring et al., 2010a].
NIWA-SOCOL was used to study the sensitivity of stratospheric ozone changes to future
GHG emissions and the results are presented in Chapters 3 to 5.
2.3.2 Attribution of odd-oxygen loss in NIWA-SOCOL
NIWA-SOCOL attributes odd-oxygen loss to 15 catalytic cycles, as well as the odd-oxygen
Chapman cycle (Section 1.2.1), using a diagnostic approach similar to that employed by Lee
et al. [2002]. The diagnostic implemented in NIWA-SOCOL differs from that used by Lee et al.
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[2002] in that it does not employ a passive tracer to advect odd-oxygen, and tracks a larger set
of catalytic cycles. The cycles tracked by NIWA-SOCOL, listed in Appendix A, were chosen to
form a general diagnostic set that can be used for a range of studies.
Within each model grid cell, changes in the odd-oxygen (O + O(1D) + O3) removal rates (in
molecules cm−3 s−1) are calculated using the rate-limiting steps of the corresponding reaction
cycles. For example, the rate-determining step of Cycle IX below is highlighted in bold:
Cycle IX:
Cl + O3 −→ ClO + O2
ClO+O −→ Cl+O2
O3 +O −→ 2O2
Odd-oxygen loss (L) attributed to Cycle IX is calculated as follows:
LIX =− 2k[ClO][O] (2.1)
where k is the rate constant for the rate-determining step of Cycle IX; LIX is negative because
the reaction leads to loss of odd-oxygen, and the factor of two appears because Cycle IX leads to
the net destruction of two molecules of odd-oxygen (one of O3 and one of O). At each time step,
the odd-oxygen changes due to chemistry and net transport, as well as the total odd-oxygen
change, are logged in each grid cell, allowing attribution of ozone changes through that time
step to chemical or dynamical origins.
2.3.3 CCMVal-2
The World Climate Research Programme (WCRP) Stratospheric Processes and their Role
in Climate (SPARC) Chemistry-Climate Model Validation phase 2 (CCMVal-2) activity was
undertaken to improve scientific understanding of CCMs through process-oriented evaluation
[Eyring et al., 2010a]. 18 modelling groups, including the NIWA-SOCOL group, contributed
simulations to CCMVal-2. This enabled model strengths and flaws to be highlighted through
model-to-model and model/observations comparisons, and projections of future stratospheric
ozone to be made.
As described in the SPARC CCMVal-2 report [Eyring et al., 2010a], NIWA-SOCOL has a
good representation of global-mean temperatures in the upper and middle stratosphere, but less
so in the lower stratosphere. The Brewer-Dobson circulation is overly strong, and dates of return
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of ozone to 1980 values are too early, due to an enhanced reduction in stratospheric chlorine.
Within CCMVal-2, photolysis rates, fast (radical) chemistry, long-lived (reservoir) chemistry
and polar chemistry were evaluated to assess the performance of the models’ chemistry schemes.
NIWA-SOCOL performed well in the comparison of photolysis rates, but the fast chemistry was
not evaluated because certain files were not submitted to the CCMVal-2 archive during the time
the evaluations were conducted. Overall, NIWA-SOCOL performed soundly in the evaluation
of long-lived chemistry; it simulates the correlation between different chemical tracers well,
indicating that both chemical and transport processes are well represented in the model. A
notable exception is the NOy vs. N2O correlation, which indicates that too much N2O is lost as
NOy (compared with the other loss pathways outlined in Section 1.3.1). Polar chemical ozone
loss is simulated satisfactorily in the Antarctic, but less so in the Arctic. Although the NIWA-
SOCOL model has some shortcomings, the absolute values of chemical constituent mixing ratios
do not need to be correct for the studies presented in Chapters 3 to 5 because the relative (rather
than absolute) changes in stratospheric chemistry are analysed.
2.3.4 REF-B2 boundary conditions
The NIWA-SOCOL simulations analysed in Chapters 3 to 5 are based on a so-called “REF-
B2” simulation performed for the WCRP SPARC CCMVal-2 activity [Eyring et al., 2010a].
REF-B2 simulations were designed to encompass the period 1960-2100, and include only an-
thropogenic forcings (natural forcings, such as volcanic eruptions, were excluded because they
are not known for the future). CO2, CH4 and N2O follow the IPCC Special Report on Emis-
sions Scenarios (SRES) A1B scenario for GHGs, and ODSs follow the adjusted A1 scenario for
halocarbons (Section 2.4). SSTs and sea-ice concentrations (SICs) are prescribed using output
from GCM simulations adhering to the SRES A1B scenario [Morgenstern et al., 2010].
2.3.5 CCM projections of 21st century ozone
REF-B2 CCM simulations from the CCMVal-2 activity show that, except in the tropical
lower stratosphere, ozone increases everywhere throughout the 21st century due to decreasing
concentrations of stratospheric chlorine and bromine, and CO2-induced stratospheric cooling.
As an example, Northern Hemisphere annual-mean midlatitude ozone is shown in Figure 2.2.
Tropical lower-stratospheric ozone is projected to decrease because the rate of tropical upwelling
is expected to increase, leaving less time for ozone to form in rising parcels of ozone-poor air from
the troposphere to the stratosphere [Avallone and Prather, 1996; Eyring et al., 2007]. Multi-
model mean results from the CCMVal-2 assessment indicate that global-mean column ozone
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Figure 2.2: Northern Hemisphere annual-mean total column ozone (35-60◦N), for observations (black
dots) and CCM projections, adjusted to the 1980 baseline. The light green dashed trace
represents the NIWA-SOCOL CCM, and shows that this model simulates a return of
ozone to the 1980 baseline in ∼2010. Total ozone observations were calculated from four
data sets: ground-based measurements, merged satellite data, the NIWA combined total
column ozone database, and Solar Backscatter Ultraviolet retrievals. Source: [Bekki et al.,
2011].
may return to 1980 values in ∼2032, and 1960 values in ∼2053 [Eyring et al., 2010a; Bekki
et al., 2011].
2.4 Emissions scenarios
The adjusted A1 scenario for halocarbons reflects the phase-out of ODSs legislated un-
der the Montreal Protocol for Substances that Deplete the Ozone Layer and later amendments
[Daniel et al., 2007]. It is ‘adjusted,’ because, at the 2007 meeting of the Parties to the Protocol,
an earlier phase-out of HCFCs was agreed upon. Mixing ratios for CFC-11, CFC-12, halon-1211
and halon-1301 under this scenario are shown in Figure 2.3. The adjusted A1 scenario was the
current baseline scenario for halocarbons at the time that the CCM simulations analysed in
Chapters 3 to 5 were initiated, however that scenario has now been superseded by the publi-
cation of the 2010 World Meteorological Organization (WMO) Scientific Assessment of Ozone
Depletion [Daniel et al., 2011]. The new scenario for halocarbons is similar to the previous
one, although some discrepancies occur – for example when changes have occurred regarding
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reported production of halocarbons, or assumptions about future emissions.
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Figure 2.3: Mixing ratios of selected ODSs under the adjusted A1 scenario for halocarbons.
Within the IPCC SRES scenario group, the SRES A1B and B1 scenarios for GHGs por-
tray intermediate and relatively small increases in anthropogenic radiative forcing, respectively.
SRES A1B reflects rapid growth in the international economy and global population that peaks
around 2050 then declines. It assumes rapid introduction of new technologies that use a balance
of energy sources based on fossil and non-fossil fuels. SRES B1 represents efforts to mitigate
GHG emissions through sustainable development and environmental consciousness [Nakicenovic
and Swart, 2001]. CO2, N2O and CH4 surface concentrations under the SRES A1B and B1
scenarios are shown in Figure 4.1.
The IPCC SRES scenarios are being superseded by a new set of scenarios that encompass
socio-economic, emission and climate projections. The representative concentration path-
ways (RCPs) are the first step towards the development of these scenarios [van Vuuren et al.,
2011]. The RCPs were developed for the climate modelling community, and provide possible
concentration trajectories for the main climate change forcing agents. There are four RCPs: 2.6,
4.5, 6.0 and 8.5, named according to the radiative forcings (in W m−2) reached by 2100. N2O
and CH4 concentrations for the RCPs are shown in Figure 5.1.
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Chapter 3
The effectiveness of N2O in depleting
stratospheric ozone
With emissions of chlorine- and bromine-containing ODSs being phased out under the Mon-
treal Protocol for Substances that Deplete the Ozone Layer, N2O is projected to be the dominant
substance responsible for ozone depletion emitted in the 21st century [Ravishankara et al., 2009].
As emissions of anthropogenic GHGs increase through the 21st century, the dynamical, chemical
and radiative properties of the stratosphere are expected to change, and these will change the
efficiency of N2O as an ODS. Here, a CCM simulation of an evolving atmosphere was run from
1960-2100 to examine the effects of the Montreal Protocol, and anthropogenic climate change,
on N2O-induced ozone depletion.
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3.1 Introduction
In the stratosphere, reaction of N2O with O(
1D) leads to the production of NO by Reac-
tion 3.1:
N2O+O(
1D) −→ 2NO (3.1)
NO subsequently undergoes various reactions to form stratospheric reservoir nitrogen (NOy =
N + NO + NO2 + NO3 + 2×N2O5 + HNO3 + HNO4 + ClONO2 + BrONO2) [Brasseur and
Solomon, 2005]. NO is also one of the reactive nitrogen oxides (NOx), participating in ozone-
depleting catalytic cycles, as discussed in Section 1.3.1 [Crutzen, 1970]. N2O is the primary
source of stratospheric NOx [McElroy and McConnell, 1971], and therefore can affect strato-
spheric ozone [Randeniya et al., 2002]. Indeed, of all the anthropogenic substances currently
emitted, N2O is projected to be the dominant contributor to ozone depletion through the 21
st
century [Ravishankara et al., 2009].
The effect of NOx on stratospheric ozone is moderated by dynamical, chemical and radiative
processes. The principal dynamical process affecting NOx production from N2O is the Brewer-
Dobson circulation (see Section 1.1.2). Throughout the 21st century, the Brewer-Dobson circula-
tion is projected to strengthen due to increasing SSTs [Fomichev et al., 2007]. A strengthening
Brewer-Dobson circulation increases the rate at which air is transported through the strato-
sphere, and therefore increases the rate at which NOy is removed from the stratosphere [Cook
and Roscoe, 2012].
Chemical factors influencing the effect of NOx on ozone include the concentration of reservoir
chlorine, Cly (Cl + 2×Cl2 + ClO + 2×Cl2O2 + ClONO2 + HCl + HOCl + BrCl). Since the
reaction of NO2 with ClO forms ClONO2, when the concentration of reservoir chlorine is high,
more ClONO2 is formed at the expense of NOx [Ravishankara et al., 2009; Fleming et al., 2011].
The radiative environment of the stratosphere is projected to change through the 21st century
as increasing CO2 concentrations cool the stratosphere (Section 1.1). The concentration of NOy
decreases as the stratosphere cools because the NOy sink is temperature-dependent; cooling
slows Reaction 3.2 (below), and the resulting increase in N increases the rate of Reaction 3.3
[Rosenfield and Douglass, 1998]. Therefore, more NOy is converted to molecular nitrogen (N2).
As a result, decreasing stratospheric temperatures are projected to slow ozone depletion by NOx
[Randeniya et al., 2002; Chipperfield and Feng, 2003].
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N + O2 −→ NO+O (3.2)
N + NO −→ N2 +O (3.3)
Previous CCM studies, using the same boundary conditions as used in this chapter, modelled
the effect of CO2-induced stratospheric cooling on N2O and revealed that while N2O remains
an important gas for ozone depletion through the 21st century, its effects are mitigated by
stratospheric cooling [Oman et al., 2010; Plummer et al., 2010]. In a more recent CCM study,
Fleming et al. [2011] removed the effect of CO2-induced stratospheric cooling by keeping all
GHG concentrations (other than N2O) constant. Without stratospheric cooling, they found
that the increase in N2O concentrations led to a decrease in global annual-mean total column
ozone of ∼6 DU between 1960 and 2100.
For the work presented in this chapter, a CCM simulation of an evolving atmosphere was used
to examine ozone-depleting NOx chemistry, and how it is altered by changes in the chemical,
dynamical and radiative properties of the stratosphere.
3.2 Computational methods
A NIWA-SOCOL CCM simulation was performed from 1950-2100, with the first ten years
treated as a spin-up period. The simulation conformed to REF-B2 boundary conditions (Sec-
tion 2.3.4), and used the adjusted A1 scenario for halocarbons and IPCC SRES A1B scenario
for GHGs. Chemical box model calculations were performed using the AWI box model. Details
of the models and emissions scenarios used are given in Chapter 2.
3.3 Results and discussion
Global annual-mean column ozone is projected to increase through the 21st century, due
to stratospheric cooling [Rosenfield et al., 2002] and the phase-out of halogenated ODSs under
the Montreal Protocol. NIWA-SOCOL simulates an increase in global annual-mean column
ozone of 5.5 DU between 1960 and 2100, compared with the multi-model mean increase of 4 DU
simulated by the CCMVal-2 models [Bekki et al., 2011]. The larger ozone increase simulated
by NIWA-SOCOL is caused by that model’s overly strong Brewer-Dobson circulation, and a
larger-than-average reduction in stratospheric Cly (see e.g. Figure 9.24 of Eyring et al. [2010a]).
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While global-mean column ozone is projected to increase, N2O continues to play an important
role in ozone depletion through the 21st century. Under the SRES A1B emissions scenario, N2O
emissions lead to a 27% increase in surface N2O concentrations from 1960 to 2100. In a non-
changing climate, we would expect a proportionate increase in NOx, and also in the strength
of the NOx ozone-loss cycles. Of these cycles, NIWA-SOCOL diagnostics show that Cycle I
(below), for which the rate-determining step is Reaction 3.4, accounts for >99% of NOx-induced
ozone depletion:
Cycle I:
NO+O3 −→ NO2 +O2
NO2 +O −→ NO+O2
O3 +O −→ 2O2
(3.4)
Figure 3.1(a) shows the zonal-mean rate of Cycle I averaged over the 2090s decade, relative to
the 1960s decade. The strength of Cycle I increases up to 4% in the tropical upper stratosphere
(red region), which is not as much as might be expected given the 27% increase in surface N2O
concentrations. Elsewhere, the rate of Cycle I slows between 1960 and 2100 (up to 40% in the
tropical lower stratosphere).
What causes the general slowing of the rate of Cycle I in the stratosphere? Because NIWA-
SOCOL simulates an evolving atmosphere, changes in stratospheric circulation, chemistry and
temperature alter the ratios NOy/N2O, NOx/NOy and NO2/NO, all of which affect the concen-
tration of NO2 (required in Reaction 3.4), and therefore the rate at which Cycle I can proceed.
The time series of these three ratios are plotted in Figures 3.1(b-d) as global annual means,
normalised to the 1960-1969 mean.
The NOy/N2O ratio decreases from 1960 to 2100 (Figure 3.1(b)), indicating that the strength-
ening Brewer-Dobson circulation increases the mass flux of NOy out of the stratosphere [Cook
and Roscoe, 2012]. In addition, stratospheric cooling decreases NOy [Rosenfield and Douglass,
1998], which contributes further to the decrease in NOy/N2O. The NOx/NOy ratio decreases
at altitudes below ∼7 hPa between 1960 and 2100 (Figure 3.1(c)) because stratospheric cool-
ing and increasing concentrations of reactive hydrogen (HOx) lead to an increase in the rate of
Reaction 3.5:
NO2 +OH+M −→ HNO3 +M (3.5)
Within the NOx family, NO2 and NO are in equilibrium throughout the stratosphere during
daytime, and interconvert primarily by Cycle I, NO2 photolysis and Reaction 3.6 [Brasseur and
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Figure 3.1: (a) 2090s zonal-mean rate of Cycle I (molecules cm−3 s−1 ) normalised to the 1960s mean,
displayed as a function of pressure and latitude; (b) Global annual-mean ratio of
NOy/N2O normalised to the 1960-1969 mean, displayed as a function of pressure and
time; (c) Same as (b) but for NOx/NOy; (d) Same as (b) but for NO2/NO.
Solomon, 2005]:
NO + ClO −→ NO2 +Cl (3.6)
Figure 3.1(d) shows that the NO2/NO ratio increases from 1960 to ∼2000, and then decreases
through the 21st century. The simulated increase in NO2/NO between 1960 and 2000 is due
to increased chlorine loading (as a result of halocarbon emissions), which increases the rate of
Reaction 3.6. Conversely, between 2000 and 2100, the decreasing concentration of ClO slows
Reaction 3.6, decreasing the NO2/NO ratio. Additional decreases in the NO2/NO ratio through
the 21st century are caused by CO2-induced stratospheric cooling, which slows the temperature-
dependent first step of Cycle I.
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Figure 3.2: (a) The global annual-mean rate of Cycle I (molecules cm−3 s−1 ) divided by the global
annual-mean abundance of NO2 (molecules cm
−3 ) and normalised to the 1960-1969 mean;
(b) Percentage contributions to global-mean ozone loss from 15 catalytic ozone-loss cycles
tracked by NIWA-SOCOL, averaged over 1960-2100. Cycles are shown in Appendix A and
grouped as follows: Nitrogen cycles (I-III); hydrogen cycles (IV-VIII); chlorine cycles
(IX-XIII); bromine cycles (XIV-XV); (c) The global annual-mean rate of the hydrogen
cycles, normalised to the 1960-1969 mean; (d) Same as (c), but for the chlorine cycles.
Through the 21st century, the NOy/N2O, NOx/NOy and NO2/NO ratios exhibit a general
decrease between 1 and 30 hPa (the region of interest), which leads to smaller NO2 concentrations
than might be expected on the basis of the increase in surface N2O concentrations. Because NO2
is required in the rate-determining step of cycle I (Reaction 3.4), smaller-than-expected NO2
concentrations must be at least partially responsible for the slowing rate of Cycle I observed
through most of the stratosphere. To test whether they are entirely responsible, the rate of
Cycle I is divided by the NO2 concentration.
The rate of Reaction 3.4, which is the rate-determining step of Cycle I, is RI = k3[NO2][O].
Dividing RI by [NO2] therefore allows the effects of k3 and [O] on the strength of Cycle I to be
examined. This quantity (normalised to the 1960-1969 mean) is plotted in Figure 3.2(a), which
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shows that RI/[NO2] decreases throughout the stratosphere over the 21
st century indicating that
either k3 or [O] (or both) has decreased significantly over that period. However, k3 has a negative
activation energy [Sander et al., 2006] and will increase with stratospheric cooling. Consequently,
the results displayed in Figure 3.2(a) cannot be explained by the behaviour of k3 and therefore
the reduction of RI/[NO2] is due to diminished [O], as simulated by NIWA-SOCOL.
Stratospheric odd-oxygen loss occurs via catalytic cycles commonly involving nitrogen, hy-
drogen, chlorine or bromine-containing species. Figure 3.2(b) shows the percentage contribution
to global-mean ozone loss averaged over the period 1960-2100 from 15 ozone-loss cycles tracked
in NIWA-SOCOL, grouped into nitrogen, hydrogen, chlorine and bromine families. The nitrogen
cycles dominate in the middle and upper stratosphere, and their combined contribution max-
imizes at 10 hPa. Chlorine and hydrogen cycles are also important in the upper stratosphere
while bromine cycle contributions maximize in the lower stratosphere. Of the five hydrogen and
five chlorine cycles tracked in NIWA-SOCOL, the dominant contributors to ozone loss from each
family are Cycles V and IX (respectively), shown below. Within the hydrogen family, Cycle V is
the dominant contributor to ozone loss in the upper stratosphere (the region of interest), while
Cycle IV dominates at lower altitudes (see Appendix A).
Cycle V:
OH+O3 −→ HO2 +O2
HO2 +O −→ OH+O2
O3 +O −→ 2O2
Cycle IX:
Cl + O3 −→ ClO + O2
ClO+O −→ Cl+O2
O3 +O −→ 2O2
Increasing CH4 emissions to mid-21
st century lead to increased concentrations of HOx (see
Section 1.3.2 and Wuebbles and Hayhoe [2002]), which enhances ozone loss due to the hydrogen
cycles (Figure 3.2(c)). The projected decrease in stratospheric chlorine concentrations owing
to the phase-out of halocarbons under the Montreal Protocol results in a slowing of ozone loss
due to the chlorine cycles (Figure 3.2(d)). Although these cycles are described as “ozone-loss”
cycles, they also lead to overall depletion of other odd-oxygen species since the concentrations
of O3, O and O(
1D) are closely linked. Some cycles (such as the HO2+O and ClO+O cycles
shown above) deplete O directly.
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Within the odd-oxygen family, the O/O3 ratio is projected to decrease over the 21
st century
because CO2-induced stratospheric cooling increases the rate of Reaction 3.7 [Jonsson et al.,
2004]:
O + O2 +M −→ O3 +M (3.7)
Here the hypothesis is presented that, in addition to the effect of stratospheric cooling on O/O3,
the concentration of O decreases as a result of the strengthening hydrogen and chlorine cycles
in the upper stratosphere, and that this decrease is partially responsible for the slowing rate
of Cycle I. To test the effects of reservoir hydrogen (HOy = 2×H2O + 2×H2 + 4×CH4 +
2×CH2O) and Cly on upper-stratospheric odd-oxygen, box model simulations were performed
for the equatorial upper stratosphere (between 1 and 5 hPa), where the odd-oxygen lifetime is
sufficiently short to warrant such an analysis.
Five box model simulations (Section 2.1) were performed at 2◦N and at 1, 2 and 5 hPa over the
period 1960-2100. The first series constituted the ‘reference’ simulations, in which all parameters
(temperature, overhead column ozone and chemical species concentrations) were allowed to vary
from decade to decade. In the other four series, one out of temperature, HOy, Cly or overhead
column ozone was fixed, and all others varied from decade to decade. Initial concentrations,
overhead column ozone, and temperature for these runs were taken from outputs from the NIWA-
SOCOL simulation. The box model simulated 10 days from each decade (sufficient time for the
box model to reach a steady state), and Figure 3.3 shows the resultant O and O3 abundance,
along with the O/O3 ratio on the 10
th day for the three pressure levels, normalised to 1960.
Figures 3.3(a-f) show that ozone and atomic oxygen abundances are strongly influenced
by HOy and Cly in the upper stratosphere, where the HO2+O and ClO+O cycles maximize.
At 1 hPa, the increase in HOy leads to ∼8% less O by 2090 (Figure 3.3(a), grey line minus
dashed black line) such that less O is available to participate in Cycle I. Because CH4 is a
source of reactive hydrogen, the effectiveness of N2O as an ODS is weakened by elevated CH4
concentrations. The effect of Cly on odd-oxygen at 2 hPa is largest in 1990, when there is a 14%
decrease in O (Figure 3.3(b), red line minus dashed black line). Cly becomes less important for
ozone depletion through the 21st century as its concentration decreases.
Long-term cooling of the stratosphere decreases the O/O3 ratio (Figures 3.3(g-i)) and leads
to ∼20% more ozone by 2090 in the upper stratosphere at 1 and 2 hPa (Figures 3.3(d-e), dashed
black line minus blue line). Because the O/O3 ratio decreases with stratospheric cooling, less
atomic oxygen is available for Cycle I for a constant O3 mixing ratio. Partitioning between O
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Figure 3.3: Box model simulations at 2◦N showing normalised (to 1960) local atomic oxygen
abundances (a-c), ozone abundances (d-f), and the O/O3 ratio (g-i) at 1, 2 and 5 hPa.
The reference simulation allowed all parameters to evolve, whilst the other four
simulations kept one of temperature, Cly, HOy and overhead column ozone fixed (all other
parameters were allowed to evolve). The Cly and HOy curves are omitted in (g-i) because
they display no effect on O/O3 .
and O3 is also influenced by overhead column ozone at 2 and 5 hPa (Figures 3.3(h-i)), which
modulates the local flux of UV radiation.
3.4 Conclusions
Ravishankara et al. [2009] estimated the effects of increasing emissions of N2O on ozone
assuming constant stratospheric GHG concentrations. Here, a complementary, but different,
question is addressed: How, and to what extent, might various mechanisms associated with
the stratospheric cooling effects of GHG increases (which are scenario dependent) mitigate the
effects of N2O on ozone? The results presented here indicate that while N2O is an important gas
for ozone depletion through the 21st century (in accordance with the findings of Ravishankara
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et al. [2009]), a number of factors mitigate its effectiveness in depleting ozone. CO2-induced
stratospheric cooling and the strengthening of the Brewer-Dobson circulation decrease the yield
of NOx from N2O by decreasing the NOy/N2O, NOx/NOy and NO2/NO ratios. In addition, it
is shown that changes in the hydrogen and chlorine chemical cycles, whose rates are modulated
by changes in emissions of CH4 and chlorine-containing compounds, moderate the effectiveness
of the NO2+O cycle (the dominant NOx cycle) by catalytically depleting odd-oxygen, thereby
reducing the availability of atomic oxygen for the NO2+O reaction.
Chapter 4
Impacts of the production and
consumption of biofuels on
stratospheric ozone
The work presented in Chapter 3 implies that a future in which CO2 emissions decrease
(leading to reduced stratospheric cooling), and N2O emissions increase, could be detrimental
to stratospheric ozone through the expected enhancement in NOx-induced ozone destruction.
Such a future could occur under a large-scale shift from fossil fuels to biofuels production and
consumption; reducing fossil fuel consumption would decrease CO2 emissions, and growing crops
for biofuels would incur a large increase in N2O emissions resulting from the application of
nitrogen-based fertilizers. Here, the potential effects on the ozone layer of a large-scale shift
away from fossil fuel use to biofuels consumption over the 21st century are examined. Three
CCM simulations were performed, designed to quantify the effects on stratospheric ozone of
reduced stratospheric cooling and increased N2O emissions.
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4.1 Introduction
As fossil fuel reserves diminish and awareness of the detrimental effects of fossil fuel burning
on global climate continues to grow, biofuels are becoming an increasingly attractive supply
of fuel, especially in Europe, the USA and Brazil [Bessou et al., 2011]. In 2010, biofuels ac-
counted for 2.7% of road-transportation fuel use globally (http://vitalsigns.worldwatch.org/vs-
trend/biofuels-regain-momentum). They are often considered to be carbon neutral because the
CO2 released on burning had previously been removed from the atmosphere via photosynthesis.
However, nitrogen-based fertilizers used in growing the crops from which biofuels are produced
lead to N2O emissions via soil nitrification and denitrification [Smeets et al., 2009].
N2O is a GHG with a 100-year GWP of ∼298, and a lifetime of ∼114 years [Forster et al.,
2007]. Crutzen et al. [2008] suggested that the global warming mitigation achieved through CO2
reductions by using first-generation biofuels (those produced from vegetable oil, starch or sugar)
instead of fossil fuels, could be countered by the subsequent increase in N2O emissions resulting
from increased nitrogen-based fertilizer use.
Using linked economic and terrestrial biogeochemistry models, Melillo et al. [2009] studied
changes in CO2 emissions due to fossil fuel abatement and land-use changes, and fertilizer N2O
emissions under two possible scenarios for a global biofuels programme: one in which existing
managed land is used more intensely; the other allowing the conversion of natural areas to
managed land, as long as it is profitable to do so. They found that CO2 emissions from land-use
changes, although significant, would be less than the CO2 “saved” from fossil fuel abatement
by the end of the 21st century. However, an increase in N2O emissions due to increases in
nitrogen-based fertilizer use would be an important contributor to climate warming, and under
both scenarios would account for ∼60% of total annual N2O emissions by 2100.
As well as being a GHG, N2O leads to stratospheric ozone destruction through its reaction
with O(1D) to produce NOx (for further details see Section 1.3.1). The effectiveness of N2O in
depleting stratospheric ozone is mitigated by CO2-induced stratospheric cooling, as discussed in
Section 3.1.
Three CCM simulations denoted ‘A1B’, ‘B1’ and ‘biofuels’ (Table 4.1) were performed to ex-
amine the potential effects of increased production and consumption of biofuels on stratospheric
ozone.
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Table 4.1: Summary of the three CCM simulations
A1B B1 Biofuels
N2O emissions in 2100 (MtN2O-N)
a 7.0 5.7 14.3
CO2 emissions in 2100 (GtC) 13.1 5.2 3.7
2090s temperature (K)b 215.2 218.6 218.9
∆O3 (DU)
c 9.1 -0.7 -2.6
aMtN2O-N refers to the Mt of N in N2O.
bGlobal-mean temperatures at 30 hPa simulated by NIWA-SOCOL, and averaged over the 2090s decade.
cChange in global-mean total column ozone over the 21st century simulated by NIWA-SOCOL (2090s
decade minus 2010s decade).
The A1B and B1 simulations were based on the IPCC SRES A1B and SRES B1 GHG emissions
scenarios, respectively (Section 2.4). The A1B and B1 simulations display similar N2O surface
concentrations but different CO2 surface concentrations and different SSTs, which influence
stratospheric temperatures and the Brewer-Dobson circulation respectively. This facilitated
an investigation of how the Brewer-Dobson circulation and CO2-induced stratospheric cooling
influence ozone and ozone-depleting NOx chemistry. The major difference between the B1 and
biofuels simulations was the N2O surface concentrations, permitting a study of the effect of
increased N2O emissions on ozone as a result of increased nitrogen-based fertilizer use.
4.2 Emissions scenarios
The MAGICC6 SCM [Meinshausen et al., 2011a] was used to convert emissions scenarios to
the surface concentration scenarios required as input to the CCM simulations. CCM simula-
tions were performed from 2000-2100 using the NIWA-SOCOL model, with the first ten years
treated as spin-up. The reaction rate constants used were those recommended by Sander et al.
[2006, 2009]. See Chapter 2 for further details of the MAGICC6 and NIWA-SOCOL models.
For the B1 simulation, surface concentrations of CO2, N2O and CH4, commensurate with
the SRES B1 emissions scenario, were calculated using MAGICC6. SSTs and SICs were pre-
scribed using output from the United Kingdom Met Office – Hadley Centre Coupled Model
v.3 (UKMO-HadCM3) AOGCM, based on the SRES B1 emissions scenario [Nakicenovic and
Swart, 2001]. The SST and SIC datasets were obtained from the World Climate Research
Programme’s CMIP3 multimodel dataset.
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Since the biofuels simulation was constructed to follow the same radiative forcing pathway
as the B1 simulation (see below), it used the same SSTs, SICs and CH4 surface concentrations
as the B1 simulation. The biofuels simulation was based on findings from Melillo et al. [2009],
which suggest that biofuels production and the associated use of nitrogen-based fertilizers could
account for ∼60% of total annual N2O emissions by 2100. To capture this effect, an emissions
scenario for N2O, with emissions of 14.3 MtN2O-N in 2100 compared with 5.7 MtN2O-N in the B1
scenario, was constructed. MAGICC6 calculated the corresponding surface N2O concentrations,
which were 443 ppb in 2100 compared with 368 ppb in the B1 scenario (Figure 4.1(a)).
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Figure 4.1: (a) N2O, (b) CO2 , (c) CH4 surface concentrations for the A1B, B1 and biofuels emissions
scenarios (the biofuels simulation used B1 CH4 concentrations). (d) Global-mean SSTs
for the A1B and B1 simulations (the biofuels simulation used B1 SSTs).
CO2 emissions used in the biofuels scenario were slightly lower than those prescribed in the
B1 scenario in order to make the global-mean radiative forcing in the biofuels simulation the
same as that in the B1 simulation. By keeping the radiative forcings the same, it was ensured
that any differences between the simulations were attributable to changes in chemistry and were
not potentially compromised by changes in dynamics. The reduction in CO2 concentrations
also served to simulate the expected reduction in CO2 emissions resulting from use of biofuels
rather than fossil fuels. This resulted in CO2 emissions of 3.7 GtC in 2100 in the biofuels
scenario, compared with 5.2 GtC in the B1 scenario (Table 4.1). The equivalent CO2 surface
concentrations in 2100, calculated using MAGICC6, were 532 ppm in the biofuels scenario,
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compared with 551 ppm in the B1 scenario (Figure 4.1(b)).
The A1B simulation used GHG concentrations, SSTs and SICs consistent with the SRES
A1B scenario. SSTs and SICs were taken from ECHAM5/MPIOM AOGCM output. SSTs for
the A1B and B1 simulations are shown in Figure 4.1(d). CH4 concentrations are displayed in
Figure 4.1(c) (note that the biofuels simulation used B1 SSTs).
4.3 Results and discussion
The projected changes in global-mean total column ozone over the 21st century for the three
simulations are summarized in Table 4.1. In the A1B simulation, global-mean total column
ozone is projected to increase by 9.1 DU through the 21st century, due to a slowing of the
halogen ozone-loss cycles and CO2-induced stratospheric cooling (Section 1.2.3). This result
is consistent with other CCM projections presented and discussed in the SPARC CCMVal-2
assessment, which also used the SRES A1B scenario [Eyring et al., 2010a].
In the B1 simulation, column ozone decreases by 0.7 DU over the 21st century since strato-
spheric cooling is less than in the A1B simulation. A larger decrease in column ozone of 2.6 DU
is calculated in the biofuels simulation, because greater N2O emissions in that case also lead to
enhanced rates of the ozone-depleting NOx cycles.
Ozone differences between the B1 and A1B simulations at the end of the 21st century are
displayed in Figure 4.2(a) as a percentage of ozone in the A1B simulation, and in Figure 4.2(b)
as the difference in total column ozone (B1 minus A1B). These plots facilitate an assessment
of the effect of GHG forcing (for example, driving changes in stratospheric temperatures and
the Brewer-Dobson circulation) on ozone. The ozone concentrations in the B1 simulation in
the upper and lower Antarctic stratosphere and the tropical lower stratosphere (red regions of
Figure 4.2(a)) are greater than those in the A1B simulation, consistent with the findings of
Eyring et al. [2010b]. Elsewhere, the B1 simulation ozone concentrations are generally lower by
as much as 20%.
The regions of lower ozone concentrations in the B1 simulation (blue areas of Figure 4.2(a)) are
likely due to: 1) the weaker stratospheric cooling, with the result that the temperature-dependent
gas-phase ozone-loss cycles slow less than in the A1B simulation; 2) lower CH4 concentrations
than in the A1B scenario (CH4 increases the ozone column, as discussed in Chapter 5) and; 3)
reduced strengthening of the Brewer-Dobson circulation, as a result of cooler SSTs [Fomichev
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Figure 4.2: (a) B1 ozone minus A1B ozone in the 2090s decade, calculated as a percentage of ozone in
the A1B simulation. (b) 2090s decade B1 total column ozone minus A1B total column
ozone. (c) Biofuels ozone minus B1 ozone in the 2090s decade, calculated as a percentage
of ozone in the B1 simulation. (d) 2090s decade biofuels total column ozone minus B1
total column ozone.
et al., 2007; Bekki et al., 2011], which means that the ozone flux into the southern mid-latitude
lower stratosphere is weaker than in the A1B simulation.
Increased tropical lower-stratospheric ozone in the B1 simulation is consistent with a differ-
ence in the Brewer-Dobson circulation between the B1 and A1B simulations. The slower ascent
rate in the tropical lower stratosphere in the B1 simulation allows more time for ozone to form
in the rising air parcels than in the more quickly ascending air in the A1B simulation [Avallone
and Prather, 1996]. Elevated lower-stratospheric Antarctic ozone in the B1 simulation is caused
by a relatively warmer lower stratosphere; over the 21st century, Antarctic winter temperatures
at 50 hPa average 197 K in the B1 simulation compared to 189 K in the A1B simulation. As a
result, PSC formation, and the associated heterogeneous chlorine and bromine ozone-depleting
chemistry, is suppressed in the B1 simulation compared to the A1B simulation. In contrast, the
Arctic does not get as cold as the Antarctic during winter (Section 1.2.2), so a similar increase
in ozone is not observed there. In the 2090s, there is ∼5% more upper-stratospheric Antarctic
ozone in the B1 simulation than in the A1B simulation because there is less CH4, and hence the
ozone-depleting HOx cycles (which are dominant in the upper stratosphere) are slower.
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Figures 4.2(c) and (d) display the same difference quantities as Figures 4.2(a) and (b), but
calculated between the biofuels and B1 simulations. These facilitate an assessment of the effects
of larger N2O emissions on ozone. Figure 4.2(c) shows that, under the biofuels scenario, ozone
concentrations are (relatively) suppressed throughout the middle stratosphere and enhanced in
the lower stratosphere, especially at mid- and equatorial latitudes. However, because the middle
stratosphere dominates the ozone column, total column amounts are smaller in the biofuels
simulation and up to 11 DU less at northern high latitudes (Figure 4.2(d)).
In the biofuels simulation, ozone is greater by up to 4% in the troposphere and lower strato-
sphere compared to that in the B1 simulation. N2O leads to an increase in tropospheric ozone
production, via Reaction-cycle 4.1:
OH + CO −→ H+ CO2
H+O2 +M −→ HO2 +M
HO2 +NO −→ NO2 +OH
NO2 + hν −→ NO +O
O+O2 +M −→ O3 +M
CO+ 2O2 −→ CO2 +O3
(4.1)
Ozone production by this mechanism is generally insignificant in the stratosphere, where the
concentration of CO is too small [Lanzendorf et al., 2001].
In the middle and upper stratosphere, ozone in the biofuels scenario is up to 5% less than
that in the B1 simulation, since N2O concentrations are higher, leading to a faster rate of the
ozone-depleting NOx cycles (Cycles I and II – see Appendix A). These cycles do not occur in
the troposphere where O and O3 concentrations are small.
Figure 4.3 shows the combined rate of the two NOx ozone-loss cycles (Cycles I and II),
averaged over 1-100 hPa, relative to their rate in 2010 for each of the three simulations. Despite
increasing N2O emissions in the A1B simulation, NOx-induced ozone depletion slows over the
21st century, as described in Chapter 3 and Revell et al. [2012]. The B1 simulation has N2O
emissions almost identical to those in the A1B simulation, yet, because the stratosphere cools
relatively less, the rate at which the NOx cycles deplete ozone increases by ∼2% between 2010
and 2100. Finally, in the biofuels simulation, the rate of ozone-depleting NOx chemistry increases
by ∼10% over the 21st century owing to the large increase in N2O concentrations.
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Figure 4.3: Global-mean rate of the NOx ozone-loss cycles, averaged over 1-100 hPa and normalised
to 1.0 in 2010. The differences between the biofuels and B1 simulations are largely a
consequence of different N2O emissions, while those between the B1 and A1B simulations
are largely due to temperature differences.
4.4 Conclusions
The effects of three different GHG emissions scenarios on stratospheric ozone have been ex-
amined. The SRES A1B scenario is the scenario on which the majority of the SPARC CCMVal-2
simulations were based. In the A1B simulation, global-mean total column ozone increases by
9.1 DU over the 21st century due to decreasing halogen concentrations and GHG-induced strato-
spheric cooling. Such an increase was not observed in the simulation based on the SRES B1
scenario (0.7 DU decrease), which has lower CO2 and CH4 emissions. Increasing N2O emissions
increase the rate of NOx-catalysed ozone loss, and this effect becomes more pronounced when the
stratosphere cools relatively less, as it does in the biofuels simulation (2.6 DU decrease). There-
fore, the reduction in CO2 emissions achieved by switching to biofuels is not large enough to
compensate for the deleterious effects of associated increases in N2O emissions on stratospheric
ozone.
Use of biofuels to ameliorate global climate change has many problems, such as diverting crops
from food, clearance of forests for agriculture, and the inefficiency of crop to fuel conversion.
Added to this, the work presented in this chapter shows that the increase in N2O emissions
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resulting from increased biofuels production and consumption could damage the ozone layer.
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Chapter 5
The sensitivity of stratospheric
ozone changes through the 21st
century to N2O and CH4
Anthropogenic emissions of the GHGs N2O and CH4 are projected to increase through the
21st century, leading to increases in their atmospheric concentrations. Consequently, NOx and
HOx species produced from N2O and CH4 , respectively, are expected to play an increasingly
important role in determining stratospheric ozone concentrations. Although the roles of N2O
and CH4 in ozone chemistry are qualitatively understood, the sensitivity of ozone to these gases
has not been thoroughly investigated. To gain a quantitative understanding of the sensitivity
of stratospheric ozone to N2O and CH4 , eight CCM simulations were performed; four each to
assess the sensitivity of ozone to N2O and CH4 changes. Because CO2 is the main driver of
21st century stratospheric dynamical changes, the same CO2 scenario was used across all eight
CCM simulations. These simulations were used to investigate the chemical effects of CH4 and
N2O on stratospheric composition.
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5.1 Introduction
Through the 21st century, declining concentrations of stratospheric chlorine and bromine,
together with increasing concentrations of CO2, are projected to lead to increased global-mean
stratospheric ozone (Section 1.2.3). Of the GHGs controlled under the Kyoto Protocol, those
with the highest radiative forcings after CO2 are N2O and CH4, both of which lead to changes
in ozone via chemical processes (Section 1.3).
N2O in the stratosphere affects ozone predominantly through NOx-catalysed ozone-loss cycles.
However, as concluded in Chapter 3, increases in N2O do not necessarily lead to increases in
NOx-catalysed ozone depletion, due to the interfering effects of other GHGs and ODSs.
The oxidation of CH4 produces HOx radicals (Reaction 1.18), which catalyse ozone destruc-
tion cycles such as Cycles IV-VIII in Appendix A. These cycles are particularly important in
the upper stratosphere, where HOx abundances are large (see Figure 3.2(b)). However, Port-
mann and Solomon [2007] and Fleming et al. [2011] have shown that the predominant effect of
increasing CH4 is to increase total column ozone by way of H2O-induced cooling in the middle
stratosphere, which slows the temperature dependent gas-phase ozone-loss cycles (Section 1.3.2).
In addition, increasing CH4 increases the rate of Reaction 5.1 (see below), which increases the
rate of conversion of chlorine to the HCl reservoir and thereby slows the chlorine-catalysed
ozone-loss cycles throughout the stratosphere.
CH4 +Cl −→ CH3 +HCl (5.1)
Furthermore, in the troposphere and lowermost stratosphere, where the concentration of CO is
sufficiently large [Lanzendorf et al., 2001], increases in both HOx and NOx cause an increase
in the rate of Reaction-cycle 4.1, thereby leading to ozone production [Brasseur and Solomon,
2005; Fleming et al., 2011].
Oman et al. [2010] studied the effects of NOx and HOx on stratospheric ozone using two CCM
simulations constrained by the IPCC SRES A1B and A2 emissions scenarios for GHGs, which
portray intermediate (A1B) and large (A2) increases in CO2, N2O and CH4 through the 21
st
century [Nakicenovic and Swart, 2001]. The evolution of upper-stratospheric ozone in the two
simulations was similar because, although NOx and HOx species led to larger ozone losses in A2
compared with A1B, they were compensated by the effects of larger increases in CO2-induced
stratospheric cooling, which slowed ozone loss rates.
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Here, an analysis of the chemical sensitivity of stratospheric ozone to N2O and CH4 through
the 21st century is presented using the results from eight CCM simulations. The inputs of four
simulations differed only in terms of their N2O concentrations, while the other four differed only
by their CH4 concentrations. The same concentration scenario for CO2 was used across all eight
simulations.
5.2 Concentrations scenarios
Eight GHG concentration scenarios were constructed, as described in Table 5.1, using com-
binations of the IPCC SRES A1B concentrations scenarios for GHGs and the four RCPs (see
Section 2.4). Surface concentrations of N2O and CH4 for the individual scenarios are shown in
Figure 5.1. All simulations used the SRES A1B scenario for CO2 and the adjusted A1 scenario
for halocarbons (Section 2.4).
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Figure 5.1: (a) N2O and (b) CH4 surface concentrations used in the CCM simulations.
SSTs were prescribed under the SRES A1B scenario using output from the ECHAM5/
MPIOM AOGCM. To test whether the SSTs would have been different if they had been calcu-
lated from AOGCM simulations using the constructed GHG concentration scenarios (Table 5.1),
SSTs for each of the eight scenarios were simulated using the MAGICC6 SCM (Section 2.2).
Globally averaged annual-mean SSTs under the eight GHG concentrations scenarios as well as
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Table 5.1: Summary of CCM simulations
Simulationa N2O scenario CH4 scenario ∆O3 (DU)
b
N2O-2.6 RCP 2.6 SRES A1B 10.0
N2O-4.5 RCP 4.5 SRES A1B 7.6
N2O-6.0 RCP 6.0 SRES A1B 4.9
N2O-8.5 RCP 8.5 SRES A1B 4.3
CH4-2.6 SRES A1B RCP 2.6 4.4
CH4-4.5 SRES A1B RCP 4.5 5.2
CH4-6.0 SRES A1B RCP 6.0 9.1
CH4-8.5 SRES A1B RCP 8.5 16.7
aAll simulations used the IPCC SRES A1B scenario for CO2 and adjusted A1 scenario for halocarbons.
bChange in global-mean total column ozone through the 21st century (2090s decade minus the decade
from 2015-2024).
the SRES A1B scenario are displayed in Figure 5.2. SSTs exhibit a greater spread by 2100 in
simulations employing different CH4 scenarios, owing to the greater radiative forcing of CH4
(0.48 W m−2) compared with N2O (0.16 W m
−2) [Forster et al., 2007]. However, the results
are sufficiently similar to the SRES A1B simulation (at most, there is a difference of 0.5 K in
global-mean SSTs between the CH4-8.5- and SRES A1B-based SSTs in 2100) that the conclu-
sions drawn in this study are not invalidated by using SRES A1B-based SSTs for all simulations.
The eight NIWA-SOCOL CCM simulations, each using one of the concentration scenarios
described in Table 5.1, were run from 2005-2100, with the first ten years treated as spin-up.
5.3 Results and discussion
In all eight CCM simulations, global-mean total column ozone increases through the 21st
century, by the amounts listed as ∆O3 in the rightmost column of Table 5.1. In general, this
increase is caused by a combination of a slowing of the gas-phase ozone-loss cycles due to
stratospheric cooling [Rosenfield et al., 2002], and decreasing concentrations of stratospheric
chlorine and bromine resulting from the phase-out of halogenated ODSs under the Montreal
Protocol [Bekki et al., 2011]. The simulations with larger N2O surface concentrations lead to
smaller increases in ozone (4.3 DU in N2O-8.5 compared with 10 DU in N2O-2.6), while those
with larger CH4 surface concentrations lead to a larger increase in ozone (16.7 DU in CH4-8.5
5.3. RESULTS AND DISCUSSION 53
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
288.5
289
289.5
290
290.5
291
291.5
292
292.5
Se
a 
su
rfa
ce
 te
m
pe
ra
tu
re
 (K
)
Year
 
 
SRES A1B
N2O−2.6
N2O−4.5
N2O−6.0
N2O−8.5
CH4−2.6
CH4−4.5
CH4−6.0
CH4−8.5
Figure 5.2: Global-, annual-mean SSTs. The SRES A1B SSTs were used in all eight CCM
simulations. The other SST series were calculated individually for each GHG
concentration scenario using MAGICC6.
compared with 4.4 DU in CH4-2.6).
To examine changes in chemically induced ozone destruction, the differences in the global-
mean rates of the nitrogen, hydrogen and chlorine cycles in the 2090s decade between (a) the
N2O-8.5 and N2O-2.6 simulations and (b) the CH4-8.5 and CH4-2.6 simulations are shown in
Figure 5.3. The ozone-depleting nitrogen cycles strengthen with increased N2O throughout the
upper and middle stratosphere, but remain largely unchanged in the lower stratosphere where
concentrations of odd oxygen are diminished (Figure 5.3(a)). Figure 5.3(b) shows that the ozone-
depleting hydrogen cycles speed up with increased CH4, particularly in the upper stratosphere.
The chlorine cycles slow quite substantially, due to the increasing rate of Reaction 5.1 which
converts active chlorine (Cl) to the chlorine reservoir HCl.
Figure 5.4(a) shows the difference between 2090s-ozone in the N2O-8.5 and N2O-2.6 simu-
lations as a function of latitude and pressure. Ozone is suppressed by as much as ∼5-10% in
the middle stratosphere in the N2O-8.5 simulation compared to the N2O-2.6 simulation but is
elevated by ∼5% in the tropical lower stratosphere (∼100-70 hPa). The smaller ozone increase
in the N2O-8.5 simulation is expected and is due to enhanced rates of the ozone-depleting nitro-
gen cycles. The elevated values in the tropical lower stratosphere are due to ozone production
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Figure 5.3: (a) Global-mean contribution to ozone loss from the nitrogen, hydrogen and chlorine
catalytic cycles in the 2090s decade in the N2O-8.5 simulation, minus the same quantities
for the N2O-2.6 simulation. (b) Global-mean contribution to ozone loss from catalytic
cycles in the 2090s decade in the CH4 -8.5 simulation, minus the same quantities for the
CH4 -2.6 simulation.
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Figure 5.4: (a) N2O-8.5 ozone minus N2O-2.6 ozone in the 2090s decade, calculated as a percentage
of ozone in the N2O-2.6 simulation. (b) 2090s-decade N2O-8.5 total column ozone minus
N2O-2.6 total column ozone.
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via Reaction-cycle 4.1. The difference between 2090s total column ozone in the N2O-8.5 and
N2O-2.6 simulations is shown in Figure 5.4(b) as a function of latitude. Because the middle
stratosphere dominates the ozone column, total column ozone is smaller at all latitudes in the
N2O-8.5 simulation relative to the N2O-2.6 simulation (more so at polar latitudes).
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Figure 5.5: (a) CH4 -8.5 ozone minus CH4 -2.6 ozone in the 2090s decade, calculated as a percentage of
ozone in the CH4 -2.6 simulation. (b) 2090s-decade CH4 -8.5 total column ozone minus
CH4 -2.6 total column ozone.
Figure 5.5 is similar to Figure 5.4, but shows the differences between simulations CH4-8.5 and
CH4-2.6. In simulation CH4-8.5, ozone increases up to ∼15% greater than those in the CH4-2.6
simulation are seen throughout the stratosphere, except for in the upper stratosphere where
ozone is suppressed by more than 5% due to enhanced rates of the HOx ozone-loss cycles. The
general increase in ozone in the middle and lower stratosphere can be attributed to an increase
in the rate of Reaction 5.1 (slowing the chlorine ozone-loss cycles); an increase in the rate of
Reaction-cycle 4.1 due to increased HOx in the lower stratosphere (leading to increased ozone
production); a slowing of the nitrogen ozone-loss cycles at ∼15 hPa (Figure 5.3(b)), and a small
contribution to stratospheric cooling resulting from increased water vapor. Figure 5.5(b) shows
that 2090s total column ozone exhibits a larger increase at all latitudes in simulation CH4-8.5
compared with simulation CH4-2.6, and particularly in the Arctic.
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Figure 5.6: (a) 2090s-mean Arctic (63-90◦N) stratospheric column ozone (1-100 hPa) vs. 2090s-mean
surface N2O for the four N2O simulations (crosses), fitted with a simple linear regression
model (black line). The grey shaded region indicates the 95% confidence interval for the
slope and intercept of the regression model. (b-e) As for (a), but for: (b) the Antarctic
(63-90◦S); (c) northern midlatitudes (30-60◦N); (d) southern midlatitudes (30-60◦S); (e)
the tropics (25◦N-25◦S).
To test whether there is a quasi-linear relationship between stratospheric ozone at the end
of the 21st century, and the N2O or CH4 concentration at that time, linear fits to 2090s-mean
stratospheric ozone columns (1-100 hPa) as a function of N2O or CH4 concentrations were
calculated in five regions of the stratosphere, as shown in Figures 5.6 and 5.7. The slopes for the
linear fits in Figures 5.6 and 5.7 are given in Table 5.2, along with the R2 values. To examine
whether the linear fits are statistically significant, the 95% confidence intervals for the slopes
and intercepts of the linear regression models were calculated, and are shown as the shaded
regions in Figures 5.6 and 5.7.
As shown in Figure 5.6 and Table 5.2, the ozone-N2O linear fits are statistically robust (the R
2
values exceed 0.94 everywhere) and the slopes are negative in all regions of the stratosphere. All
slopes are significantly different from zero at the 95% confidence level, indicating a strong quasi-
linear relationship between stratospheric ozone abundance and N2O concentrations. The linear
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Figure 5.7: Similar to Figure 5.6, but for 2090s-mean stratospheric column ozone vs. 2090s-mean
surface CH4 for the four CH4 simulations.
fits between ozone and CH4 in Figure 5.7 are slightly poorer (R
2 > 0.87) but still statistically
robust. All have positive slopes that are significantly different from zero at the 95% confidence
level in all regions of the stratosphere except for the Antarctic, where the R2 value is 0.87. For
both the N2O and CH4 simulation data sets, sensitivities in the polar regions are enhanced (have
steeper slopes) compared with those in the tropics and midlatitudes.
Figures 5.8 and 5.9 show the slopes of linear fits to 2090s-ozone vs. N2O or CH4 surface
concentrations as a function of pressure and latitude. Regions where the slope is not statistically
significantly different from zero at the 95% confidence bounds are hatched. Figure 5.8 shows that
in the polar regions and throughout most of the middle stratosphere, ozone demonstrates a sta-
tistically significant negative linear relationship with N2O. There is a weaker positive correlation
in the tropical lower stratosphere, where enhanced N2O leads to ozone production. Figure 5.9
shows that ozone decreases linearly with increasing CH4 in the upper stratosphere, and that
this relationship is statistically significant at the 95% confidence level. Statistically significant
relationships between ozone and CH4 are also found, for example, through much of the tropical,
northern-midlatitude and Arctic stratosphere, where ozone increases with increasing CH4.
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Figure 5.8: Slopes from simple linear regression models fitted to 2090s-mean ozone vs. 2090s-mean
surface N2O for all latitudes and all pressure levels between 1-100 hPa, for the four N2O
simulations. Hatching indicates that the slope was not statistically significantly different
from zero at the 95% level of confidence.
Table 5.2: Linear regression model fits of the data in Figures 5.6 and 5.7
N2O simulations
a CH4 simulations
b
Slopec R2 value Slopec R2 value
Arctic (63-90◦N) -10.4±7.8 0.942 7.9±1.7 0.995
Northern midlatitudes (30-60◦N) -7.1±1.3 0.996 3.9±1 0.993
Tropics (25◦N-25◦S) -3±1 0.988 1.7±1.6 0.912
Southern midlatitudes (30-60◦S) -6.7±1.5 0.995 2.7±1.3 0.976
Antarctic (63-60◦S) -13.3±1.5 0.999 6.7±7.8 0.870
aData displayed in Figure 5.6.
bData displayed in Figure 5.7.
cSlopes are units of DU ppb−1 and displayed alongside are the uncertainties on the slopes at the 95%
confidence level.
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Figure 5.9: Similar to Figure 5.8, but the slopes are from simple linear regression models fitted to
2090s-mean ozone vs. 2090s-mean surface CH4 for the four CH4 simulations.
These linear relationships between ozone and N2O and CH4 over the range of RCP scenarios
tested here suggest that perturbations to either stratospheric column ozone (using the results
presented in Figures 5.6 and 5.7) or to vertically resolved ozone (using the results presented in
Figures 5.8 and 5.9) can be incorporated into simple models of stratospheric ozone to capture
the changes in ozone resulting from changes in N2O and CH4.
5.4 Conclusions
Total column ozone increases through the 21st century in all eight CCM simulations presented
here. Larger increases are observed in simulations with low N2O or high CH4 concentrations.
N2O decreases stratospheric ozone abundance by increasing the rate of the ozone-depleting NOx
cycles. Although mid- and lower-stratospheric ozone increases in response to increased CH4,
upper-stratospheric ozone decreases due to an enhanced rate of the ozone-depleting HOx cycles.
Furthermore, it is shown here that at the end of the 21st century, stratospheric column ozone
decreases linearly with increasing surface N2O concentrations in all regions of the stratosphere.
In contrast, stratospheric column ozone increases linearly with increasing CH4 concentrations;
however this relationship is not statistically significant at the 95% confidence level in the Antarc-
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tic stratosphere. Vertically resolved relationships between ozone and N2O, and ozone and CH4
are presented here. The conclusions drawn from this work are derived from simulations based
on a single CO2 concentration scenario, and the apparent linear sensitivity of ozone under these
conditions might not be sustained under different CO2 scenarios.
Chapter 6
Summary, conclusions and outlook
The research undertaken for this thesis aimed to investigate the projected effects of anthro-
pogenic GHG emissions on stratospheric ozone in the 21st century. To address this question,
three CCM-based investigations were performed, and the results are presented in Chapters 3, 4
and 5.
The study described in Chapter 3 focusses on the effectiveness of N2O in depleting strato-
spheric ozone in an evolving atmosphere over the period 1960-2100. The rates of a prescribed
set of ozone-depleting cycles were tracked using the chemical cycle diagnostic implemented in
the NIWA-SOCOL CCM (Section 2.3.2). Analysing the rates of the ozone-depleting NOx cy-
cles revealed the surprising result that ozone loss due to the primary NOx cycle (Cycle I listed
in Appendix A) is projected to decrease through the 21st century, despite N2O concentrations
increasing over that same period.
A number of factors act towards reducing NO2 and O abundances, both of which are required
in the rate-determining step of Cycle I. Processes leading towards decreased NO2 abundances
include:
• Projected strengthening of the Brewer-Dobson circulation through the 21st century due to
warming SSTs, which increases the rate at which NOy is removed from the stratosphere.
• Increasing concentrations of CO2, which will continue to cool the stratosphere, thereby
decreasing NOy abundances through Reactions 3.2 and 3.3.
• Direct interactions between NOx and other chemical families, for example with chlorine
monoxide to produce ClONO2, and with HOx to produce HNO3.
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• Stratospheric cooling and decreases in chlorine loading through the 21st century, which are
projected to decrease the NO2/NO ratio.
Processes leading to decreased O abundances include:
• Competition for upper-stratospheric O from chlorine- and HOx-catalysed ozone destruction
cycles. Chlorine-induced ozone loss is expected to slow through the 21st century, following
the phase-out of halocarbon emissions. HOx-induced ozone loss is projected to speed up
until mid-21st century and then begin to slow, following CH4 concentrations (prescribed
in the IPCC SRES A1B scenario).
• Stratospheric cooling decreases the O/O3 ratio because Reaction 3.7 exhibits a large neg-
ative temperature-dependence.
Despite this list of factors projected to ameliorate the effect of N2O on ozone, it is important
to note that the conclusions drawn by Randeniya et al. [2002], Ravishankara et al. [2009], and
later by Portmann et al. [2012], do not change: of all the ODSs currently emitted, N2O remains
the most important in the 21st century. However, the results presented in Chapter 3 highlight
the importance of considering the entire radiative, chemical and dynamical environment of the
stratosphere when assessing the effect of a single chemical species. As an example, increases
in CH4 lead to increases in reactive HOx species, which slow Cycle I through a) competition
for O from the HOx ozone-loss cycles, and b) competition for NOx by reacting to form HNO3
(Reaction 3.5). This implies that the ozone-depletion potential (ODP) of N2O is weakened by
increases in CH4. (An ODP for a chemical species quantifies the change in global ozone resulting
from a unit emission of that species, relative to the change in global ozone resulting from an
emission of the same unit mass of CFC-11 [Daniel et al., 2011]). Given that the rate of the
HOx cycles maximises in the upper stratosphere (Figure 3.2(b)) where the ozone abundance is
relatively small (Figure 1.1), this effect may be slight. Future work could focus on quantifying
the degree to which the ODP of N2O is lessened by CH4.
Another conclusion derived from the study presented in Chapter 3 is that if N2O emissions
were to increase significantly, but CO2 emissions were to undergo a relatively mild increase
(or even a decrease, unlikely as it may seem in the current political climate), then this would
lead to enhanced NOx-induced ozone destruction. Not only would increased emissions of N2O
increase NOx abundances, but a reduction in stratospheric cooling due to lower CO2 abundances
would also enhance NOx-induced ozone loss. Such a scenario could occur if production and
consumption of first-generation biofuels became widespread. Applications of nitrogen-based
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fertilizers to crops would increase, so N2O emissions would increase. At the same time, since
biofuels are supposedly carbon-neutral, we could expect a reduction in fossil fuel burning and
therefore in CO2 emissions.
Exploring the effects of such a scenario on stratospheric ozone was the subject of the study
presented in Chapter 4. Under a ‘biofuels’ GHG concentrations scenario, CCM results showed
that global-mean column ozone decreases by 2.6 DU between 2010 and 2100. While this seems
small, it must be placed in the context that global-mean ozone should theoretically increase
through the 21st century (see, for example, Figure 2.2), as stratospheric halogen loading decreases
due to the Montreal Protocol and as a result of stratospheric cooling. In summary, reducing
CO2 emissions while failing to limit N2O emissions could be damaging to stratospheric ozone.
Substituting fossil fuels with biofuels to mitigate global climate change incurs many problems,
aside from the ozone-depletion problem explored in Chapter 4. These include deforestation to
obtain land suitable for agriculture, the large water volumes required to grow crops, and diverting
crops from food to fuel. However, as noted by Crutzen et al. [2008], the environmental impacts
of biofuels are crop-dependent. Calculations by Davis et al. [2012] showed that if the USA were
to replace corn (which is used to produce ∼95% of the USA’s biofuels) with switchgrass and
miscanthus, then the central USA (where corn is predominantly grown) would transition from
a net source to a net sink for GHGs.
While the studies presented in Chapters 3 and 4 explore the interactions between ozone and
the GHGs CO2, N2O and CH4 over time, the question addressed in Chapter 5 is “how sensitive is
the ozone response to such GHG interactions?” Accordingly, CCM simulations were run in which
the only input changed was the N2O scenario or the CH4 scenario. Changes in stratospheric
chemistry resulting from increased concentrations of those GHGs lead to decreased stratospheric-
column ozone in response to N2O, and increased stratospheric-column ozone in response to CH4.
Ozone-GHG relationships in the Arctic, northern midlatitudes, tropics, southern midlatitudes
and Antarctic were examined by fitting simple linear-regression models. The ozone-N2O and
ozone-CH4 relationships are quasi-linear, and statistically significant (at the 95% confidence
level) in all regions of the atmosphere, except for the ozone-CH4 correlation in the Antarctic
stratosphere. The implications of these results are that, for the SRES A1B CO2 scenario at
least, together with the SRES A1B CH4 (or N2O) scenario, the ozone response to N2O (or CH4)
in the 21st century can be estimated without needing to run a CCM simulation. The results
provide a simple parameterisation for use in SCMs. Future work should investigate the linearity
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of the ozone response to N2O and CH4 under different CO2 scenarios.
Throughout this thesis, it has been noted many times that increases in CO2 and CH4 are pro-
jected to lead to increases in global-mean stratospheric ozone. However, emissions of these gases
should not be viewed as policy options for accelerating ozone recovery, due to their detrimental
effects on the climate system as GHGs. Indeed, the Earth system is so highly interconnected
that attempting to mitigate the effects of anthropogenic activities in one area of the Earth sys-
tem inevitably has consequences for another. Such consequences may be advantageous, as in
the case of the Antarctic ozone hole problem, whereby enacting the Montreal Protocol to phase
out ODSs was beneficial in terms of reducing radiative forcing because the ozone-depleting halo-
carbons are also GHGs with large GWPs (Section 1.2.3). Consequences may also be injurious
to some part of the Earth system; for example replacing fossil fuels with biofuels in an attempt
to reduce CO2 emissions, which may be damaging to the ozone layer.
Another possibility for reducing global radiative forcing which could have serious consequences
for stratospheric ozone is sulfate geoengineering, which has not been discussed in this thesis.
Sulfate geoengineering is a proposed practice of spraying sulfate aerosols into the stratosphere
to reduce incoming solar radiation. Amongst numerous environmental and political issues,
discussed for example by Robock et al. [2009], this could delay Antarctic ozone hole recovery and
increase Arctic ozone depletion, due to cooling of the polar stratosphere and faster heterogeneous
ozone loss reactions on sulfate aerosol particles [Tilmes et al., 2008, 2009].
CCMs are continuing to undergo development to more accurately model the climate system
and address issues such as how the climate system might be affected by geoengineering. Increas-
ingly, modelling groups are moving towards coupling interactive oceans to their CCMs instead
of using prescribed SSTs, since ocean feedbacks affect the relationship between ozone changes
and lower tropospheric climate [Morgenstern et al., 2010]. In addition, the importance of using
coupled stratosphere-troposphere models for modelling atmospheric processes and for making
projections of the future atmosphere has been recognized. For example, events in which dry
and ozone-rich stratospheric air enters the troposphere alter tropospheric composition, and are
particularly significant for cities that measure tropospheric ozone as an indicator of air pollution.
Likewise, local air pollution has implications for the climate system as a whole. To this end, the
next CCM validation activity (already underway), following on from CCMVal-2, aims to unite
the stratospheric- and tropospheric-modelling communities.
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The chemical cycle diagnostic used for the work presented in this thesis is currently imple-
mented in only the NIWA-SOCOL CCM. While it could be implemented in other CCMs, other
possibilities exist for extending its capabilities. One would be to couple it with a diagnostic such
as that developed by Garny et al. [2011], which quantifies ozone changes due to transport and
chemistry. This would enable detailed attribution of ozone changes. The chemical cycle diag-
nostic could also be extended to study tropospheric chemistry, which, alongside stratospheric
chemistry, is currently undergoing rapid changes as a result of human activities.
The results presented in this thesis show that the GHGs CO2, N2O and CH4 will play a
large role in determining the evolution of stratospheric ozone through the 21st century, both
in terms of their direct effects on ozone, and in terms of how the interactions between them
subsequently affect ozone. However, the CCM projections presented here are based (and can
only be based) on current scientific knowledge. Unprecedented changes in the composition of
Earth’s atmosphere and processes therein are likely to occur in the 21st century as a result of
anthropogenic activities. In my view, understanding such changes and their subsequent impacts
on the Earth system has never been of greater importance.
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Appendix A
Catalytic cycles tracked in
NIWA-SOCOL
Rate-determining steps in bold.
Cycle I:
NO+O3 −→ NO2 +O2
NO2 +O −→ NO+O2
O3 +O −→ 2O2
Cycle II:
NO+O3 −→ NO2 +O2
NO2 +O3 −→ NO3 +O2
NO3 + hν −→ NO+O2
2O3 −→ 3O2
Cycle IIIa:
2(O3 + hν −→ O2 +O(
1D))
O(1D) + N2 +M −→ N2O+M
O(1D) +N2O −→ N2 +O2
2O3 −→ 3O2
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Cycle IIIb:
2(O3 + hν −→ O2 +O(
1D))
O(1D) + N2 +M −→ N2O+M
O(1D) +N2O −→ 2NO
2O3 +N2 −→ 2O2 + 2NO
Cycle IV:
HO2 +O3 −→ OH+ 2O2
OH+O3 −→ HO2 +O2
2O3 −→ 3O2
Cycle V:
HO2 +O −→ OH+O2
OH+O3 −→ HO2 +O2
O3 +O −→ 2O2
Cycle VI:
OH+O −→ H+O2
H+O3 −→ OH+O2
O3 +O −→ 2O2
Cycle VIIa:
O3 + hν −→ O2 +O(
1D)
O(1D) + H2O −→ 2OH
OH+O3 −→ HO2 +O2
OH+H2O2 −→ H2O+HO2
HO2 +HO2 −→ H2O2 +O2
2O3 −→ 3O2
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Cycle VIIb:
H2O2 + hν −→ 2OH
2(OH+O3 −→ HO2 +O2)
HO2 +HO2 −→ H2O2 +O2
2O3 −→ 3O2
Cycle VIII:
O3 + hν −→ O2 +O(
1D)
O(1D) + H2O −→ 2OH
OH+O3 −→ HO2 +O2
OH+HO2 −→ H2O+O2
2O3 −→ 3O2
Cycle IX:
Cl + O3 −→ ClO + O2
ClO+O −→ Cl+O2
O3 +O −→ 2O2
Cycle X:
O3 + hν −→ O2 +O(
1D)
O(1D) + H2O −→ 2OH
OH+O3 −→ HO2 +O2
Cl+HO2 −→ HCl+O2
OH+HCl −→ H2O+Cl
2O3 −→ 3O2
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Cycle XI:
ClO + ClO +M −→ Cl2O2 +M
Cl2O2 + hν −→ ClO2 +Cl
ClO2 +M −→ Cl + O2 +M
2(Cl + O3 −→ ClO + O2)
2O3 −→ 3O2
Cycle XII:
ClO + NO2 +M −→ ClONO2 +M
ClONO2 +O −→ ClO+NO+O2
NO+O3 −→ NO2 +O2
O3 +O −→ 2O2
Cycle XIII:
ClO+HO2 −→ HOCl+O2
HOCl + hν −→ OH+Cl
Cl + O3 −→ ClO + O2
OH+O3 −→ HO2 +O2
2O3 −→ 3O2
Cycle XIV:
BrO+HO2 −→ HOBr+O2
HOBr + hν −→ OH+ Br
Br + O3 −→ BrO+O2
OH+O3 −→ HO2 +O2
2O3 −→ 3O2
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Cycle XVa:
BrO+ClO −→ Br+ClO2
ClO2 +M −→ Cl + O2 +M
Br + O3 −→ BrO+O2
Cl + O3 −→ ClO + O2
2O3 −→ 3O2
Cycle XVb:
BrO+ClO −→ BrCl+O2
BrCl + hν −→ Br + Cl
Br + O3 −→ BrO+O2
Cl + O3 −→ ClO + O2
2O3 −→ 3O2
Cycle XVI:
O2 + hν −→ O+O
O+O2 +M −→ O3 +M
O3 + hν −→ O2 +O
O+O3 −→ 2O2
O3 −→ O+O2
